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In this thesis, we studied the effect of extracellular matrix (ECM) constraints on 
migratory dynamics of multicellular bodies on free ECM surface and in confinement. 
Using various microfabricated tools and techniques (such as micropillar array and 
micro-contact printing), we explored the conditions imposed by ECM proteins 
constraints in regulating the emergence of collective behaviour within epithelial sheets 
in a systematic manner. 
Various migratory patterns are manifested by migrating epithelial sheet on linear 
fibronectin strips whose width was varied from ~20 µm to 400 µm. Large scale vortices 
appeared in the wide strips whereas a contraction-elongation type of motion is observed 
in the narrow strips. Mechanical communication via intercellular contacts is critical in 
these processes as the disruption of cell–cell junctions abolishes directed collective 
migration while epithelial cells move uniformly together in the absence of active force 
generation. Coordinated and synchronized rotatory movement of cells are equally 
recapitulated in epithelial cells confined on the circular patterns. Such collective 
rotation behaviour is dependent on cell density, size of the micropatterned circles and 
cell-cell junction. However, there exists an upper limit to the lengthscale of coordinated 
cell movement (~200 µm) and down-regulation of adherens junction or loss of cell-cell 
junctions in cancerous cells strongly attenuates these collective motions.  
Altogether, our findings demonstrate the existence of different collective cell migration 
patterns depending on ECM constraints and provide a mechanical explanation for how 
large-scale interactions through cell–cell junctions can feed back to regulate the 
organization of migrating tissues. We anticipate that these results will offer new 
perspectives to how collective cell migration should be interpreted depending on 
guidance from extrinsic cues. 
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Chapter 1: Introduction 
 
1.1 Why study cell migration? 
The study of cellular migration has intrigued researchers for many years. Since the 
development of primitive microscopes in the seventeenth century, researchers began 
documenting the movements of various different micro-organisms under the 
microscope. It was discovered that cells extracted from biological organisms are highly 
motile. They have the ability to translate from one location to another and their 
trajectory are often influenced by the presence of neighbouring cells [1] and guidance 
cues arising from their surrounding microenvironment [2,3]. These interesting 
observations were found to have great relevance to physiological events and serious 
implications in disease progression. 
Cell migration is now known to be a critical process involved in numerous 
physiological and pathological phenomena. Cells have their prescribed migratory paths 
and destinations during embryonic development. Guided by the presence of different 
chemical signals, migrating cells can “self-organize” to give rise to complex tissues and 
organs [4]. Defective migration eventually lead to undesirable birth defects such as 
deformities in cranio-facial features (cleft palate and spina bifida) [5].   
Cell migration is equally important in tissue repair. The repair of a damaged epithelium 
requires the migration of different cells to the wound site in different phases [6]. At 
early stages, immune cells will arrive at the wound site to phagocytise damaged cells 
and bacteria. Afterwhich, fibroblasts are recruited to establish new collagen ECM and 
finally keratinocytes crawl over the wound site to form the new tissues [7].  
Despite its importance to normal physiological processes, migration of cells is 
undesirable in diseases such as cancer progression whereby metastatic tumour cells can 
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acquire new characteristics which facilitate their escape from the original tumour sites 
and spread to other tissues [8-10]. It is seen that highly invasive cancer cells are softer 
and more migratory [11]. Moreover, these cells have upregulated expression of 
proteolytic enzymes (such as matrix metalloproteinase or MMP) which further increase 
their likelihood to escape from the confinement imposed by surrounding extracellular 
matrix [12,13].  
The understanding of cell migration and the multitudes of mechanisms and factors 
influencing cell migration will potentially help in the identification of new therapeutic 
interventions associated with defective cell migration and manage malignant disease 
progression.  
 
1.2 Different types of cell migration 
Different modes of cell migration can manifest depending on several factors and 
contexts. These factors include the strength of cellular adhesion with their immediate 
extracellular matrix environment [14] and neighbouring cells. For example, epithelial 
cells which exhibits strong intercellular adhesions with neighbouring cells and the 
substrata are known to migrate as sheets. On the other extreme, immune cells move 
rapidly as single cells with weak adhesion strength to the substrata. Individual cells can 
interact with their cellular microenvironment and react to extracellular guidance cues. 
This not only dictate how they move, but also determine their directionality and 
migratory speed. External migratory guidance cues can both exist as chemotactic cues 
(both substrate bound and soluble ligands) [15], and also physical cues (micro-
topography, mechanical properties of the surrounding ECM and confinements imposed 
by the presence of other cells and ECM) [16-21] (Figure 1.1). Based on these factors 
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and contexts, cell migration can be broadly categorized into solitary cell migration and 
collective cell migration.  
 
 
Figure 1.1: Factors influencing migration of cells. The various environmental cues 
affecting cell migration can be both biochemical and physical in nature. Constant 
interaction of migrating cells with other cells determines how they move together. The 
presence of intercellular adhesions and interactions differentiate solitary cell migration 
and collective cell migration.   
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1.3 Hypotheses and Thesis outline 
Cells are subjected to many external constraints in their native environment. At present, 
intense research is being performed to study guidance of migrating cells by spatial cues 
from the geometry of the ECM microenvironment, such as a series of micro patterned 
ratchets or teardrops [22-24]. While such studies have been performed extensively on 
single migrating cells, cell migration also occurs not in isolation, as single cells, but 
under the influence and presence of neighbouring cells in their biological settings. The 
effect of geometrical confinement imposed by ECM patterns on dynamic behaviour of 
migrating epithelial sheet remains unexplored.  
The main hypothesis in this thesis is that the presence of ECM boundaries, its geometry 
and the degree of geometrical confinement from the ECM can alter the collective 
behaviour of epithelial cells. Depending on the degree of confinement from the ECM, 
the length scale of coordination of cell movement can be tuned accordingly. We also 
hypothesize that the large scale organization and coordination of cells necessitate 
mechanical signalling through intercellular junctions. Two main sets of experiments 
were performed in this thesis to test the aforementioned hypotheses.  
Firstly, we will investigate the migration of epithelial tissue over free space under the 
presence of ECM boundaries and varying degree of confinement using an original in-
vitro migration assay. The objectives for this experiment are as follows: 
1) To identify the differences in the ensuing velocity field, force signatures and the 
length scale of cell coordination between migrating epithelial tissues under 
different degree of physical confinement. By quantifying these parameters, we 
hope to achieve the goal of revealing epithelial migratory patterns differences 
due to ECM geometry.  
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2) To elucidate the role of acto-myosin contractility in epithelial cell coordination 
during collective migration. 
3) To understand the importance of intercellular adhesions in collective migration 
of epithelial cells and characterise the effect of ECM constraints on the 
migration of mesenchymal cells.  
Secondly, we will explore the collective behaviour of epithelial cells in the absence of 
“free” ECM space. Cells will be confined within well-defined circular ECM patterns 
and we will systemically alter the cell density, size of circle and intercellular adhesive 
strength. The objectives of this experiment will be as follows: 
1. To study the role of cell density and size of ECM confinement on collective 
behaviour of epithelial cell. 
2. To understand the importance of intercellular adhesive strength on collective 
cellular motion in confined space. 
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Chapter 2: Literature review 
 
2.1 Solitary cell migration 
The current paradigm in cell migration suggests that single or solitary cell movement 
can be delineated into multiple processes or steps. This includes the polarization of cells 
to form a distinctive cell front and rear, the protrusion of cell membrane at the leading 
cell front, the formation of new adhesion sites at cell front and the translocation of cell 
body in the direction of leading cell front by dissociation of adhesion sites at the cell 
rear [25,26]. 
Persistent cell polarisation often arise due to the response toward environmental 
guidance cues, resulting in the formation of distinct and persistent cell front and rear. 
In addition to morphological asymmetries, polarized cells exhibit asymmetries in the 
concentration of molecules and intracellular activities [27]. For example, one key 
feature of cell polarisation is the localisation of PI3K (Phosphoinositide 3-kinase) at the 
leading cell edge. It is an enzyme which converts phosphatidylinositol 4,5-bisphosphate 
into PIP3 (phosphatidylinositol triphosphate) at the leading cell edge. However, at the 
trailing cell rear, PIP3 activity are degraded by PTEN( phosphatase tensin homolog) 
[28].  
The progression of cell in the direction of cell polarisation is supported by the dynamic 
and extensive actin polymerisation which forms the backbone of new membrane 
protrusions at the leading cell front. The dynamics of the assembly and disassembly of 
the actin cytoskeletal network are tightly regulated by the three Ras-related GTP-
binding proteins: Rho, Rac, and Cdc 42 [29,30]. Membrane protrusions can take form 
as lamellipodia which are large, fan-like structures, or long narrow filopodia which 
often extend beyond the lamellipodia in migrating cells. Through these membrane 
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protrusions, migrating cells sense their local environment and establish new adhesion 
sites to the extracellular matrix. 
Adhesion of the protruding cellular membranes to the substrate is achieved by the 
binding of integrins present on cell membrane to the corresponding ligands on the 
extracellular matrix. Integrins are large transmembrane proteins which mediates the 
linkage of a cell to the extracellular environment. They consist of α (alpha) and β (beta) 
subunits and can only bind to specific corresponding ligands. For example, α5β1 
integrin can bind correspondingly to fibronectin. Individual adhesion site matures over 
time to form larger and more stable adhesions known as focal adhesions. The adhesion 
of the cells via the focal adhesions links the actin cytoskeleton to the substrate and act 
as anchor points for cells to apply traction to pull the cell body in the direction of 
migration [31].  
The progression of cell towards the migratory direction requires the coordination of cell 
extension at the leading cell edge and the dissociation of cell adhesion to the substrate 
at its trailing edge in order to achieve an effective translocation of the cell body forward. 
Several mechanisms are involved in the disassembly process. One of them is the 
endocytosis of adhesion components such as the integrin, mediated by dynamin 
molecules which target microtubules [32]. Myosin-contractility is also involved in 
pulling the rear of the cell body forward through the regulation of MLC phosphorylation 
by RhoA [33]. 
From the studies on single cell motility, we understand that the mechanism of cell 
motility is highly conserved [34] and that we can relate the mechanisms of cellular 
motility across all eukaryotes. In addition, the same effectors involved in solitary cell 
migration are implicated in all different modes of cellular migration. 
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2.2 Cell-cell junctions 
Intercellular signalling or communication among cells requires the presence cell-cell 
junctions. Such communication is essential for coordination of cell movements and 
establishment of multicellular polarity [35]. Collectively migrating cells can either 
retain stable and intact cell-cell adhesions or maintain transient contacts. Apart from 
intercellular communication, intercellular junctions provide cohesive strength in tissue. 
They are tethered to the cytoskeletal components and are responsible for transmitting 
stress across a cohesive tissue. Four major classes of cell-cell junctions or adhesions 
are commonly found in an epithelial tissue. They are the tight junction, adherens 
junction, desmosomes and gap junctions (Figure 2.1).  
Adheren junctions (AJ) are composed of a number of proteins, such as cadherins, p120-
catenin, α-catenin and β-catenin [36]. E-cadherins (present among epithelial cells) have 
extracellular domains which enable them to establish calcium dependent homophilic 
linkages with other cells. E-cadherins also form complexes with other intracellular AJ 
proteins (p120 catenin, α-catenin and β-catenin) and directly anchor cellular membrane 
to the actin cytoskeleton. Adherens junctions are reported to play a critical role in 
sensing mechanical stimuli through alpha-catenin [37], which in turn mediate the 
coordination of  migrating cells in epithelial tissues [38]. More recently, it was proposed 
that cadherins junctions are formed between colliding mesenchymal cells and the 
transient establishment of cadherin mediated adhesion helps in coordinating 
mesenchymal cells during their collective motion [35].  
Tight junctions are also known as the zonula occludens. Similar to adherens junctions, 
they comprise of both transmembrane proteins (occludin and claudin) and cytoplasmic 
scaffolding proteins (ZO-1, ZO-2, ZO-3 and ZO-6). The main role of tight junction is 
to maintain tissue integrity and maintain apico-basal cell polarity. It is achieved by 
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sealing of cell membrane “gaps” between adjacent epithelial cells. The sealing of cell 
membrane of neighbouring cells by tight junctions regulates the transport of small 
molecules and ions across cells, which in turn maintains gradients of solute 
concentration between the basal and apical compartments of tissue [39]. It was observed 
that the knock-down or loss of occludins decreases the localization of polarity proteins 
at the leading edges of migrating cell group and reduces membrane protrusions [40]. 
This suggested that tight junction proteins might be involved in establishing polarity in 
migrating cells too. 
Desmosomes are essential cell-cell adhesion structures, present in most epithelial 
tissues. They anchor the intermediate filament cytoskeleton of one cell to another 
through desmosomal cadherins. It is believed that desmosomes are “hyper adhesive” 
and their presence inhibit epithelial tissue migration [41]. Conversely, weakening of 
desmosomal junction in the event of wounding or in cancer is thought to promote cell 
migration [42].  
Gap junctions are intercellular connections which directly link the cytoplasm of two 
neighbouring cells to permit passive diffusion of small molecules across cells. They 
comprise of two tunnels (connexons) made up of an assembly of six connexin subunits. 
Apart from mediating communications between cells, recent studies highlight that in 
fact, connexions are actively involved in cell migration. For instance, connexion43 
(CX43) are reported to be essential for cell polarity and directed cell migration through 
regulation of microtubule dynamics. Its deficiency can lead to destabilization of 
microtubules. Alignment of the cytoskeleton, microtubule organizing centre (MTOC) 









Figure 2.1. Typical molecular structure of cell-cell junctions in epithelial cells. Cells 
are held together by several types of cell-cell junctions. They are tight junctions, 
adherens junctions, desmosomes and gap junctions. These junctions comprise of 
several protein complexes which include both transmembrane proteins and cytoplasmic 
scaffolding proteins. 
 
2.3 Different types of collective migration 
Many physiological events rely on the migration of cells as collective groups instead of 
solitary individuals. This includes the development of multicellular organisms [45,46] 
and the maintenance of tissues [47,48]. The term collective cell migration is 
traditionally associated with epithelial sheet migration, whereby cells maintain stable 
and intact cell-cell junctions and exhibit highly correlated movements towards their 
ultimate destinations. However, this term have also been more loosely applied on 
mesenchymal-like cells which establish loose and transient intercellular adhesions 
[35,49]. In broader term, the distinct key difference between solitary cell migration and 
collective migration is that the number of migrating cells participating in directional 
migration are far greater than just one cell. During collective migration, large groups of 
cells move in concerted motion under the influence of both intercellular signalling and 
extracellular environmental guidance cues [4].  
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The ways different cell types reach their destinations as a collectively migrating group 
are markedly different. Different modalities of collective migration can take place 
depending on the cell type, final destination and architecture of the tissue. To appreciate 
the underlying mechanisms utilized by collective migrating cells, it is convenient to 
characterize the different modes of collective migration. Here we describe three types 
of collective cell migrations. 
 
2.3.1 Cell sheet migration 
Cell sheet migration is one of the most commonly studied type of collective migration 
both in simplified in-vitro systems and in their respective in-vivo contexts. This type of 
collective migration take place mainly across 2-D ECM surfaces and is also often 
regarded as the monotonous expansion of the cell sheet over “free” ECM surfaces 
(Figure 2.2). Highly coordinated movements among individual cells, stable cell-cell 
junctions and the presence of free space are the key features of cell sheet migration. 
 
Figure 2.2. Collective migration of cells as cell sheets in a scratch wound assay. (A) 
Adhesive cells in the tissue move coherently as cell sheet to occupy the free space, 
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2.3.2 Cell streams 
Directed movements of cells can take place in the form of cell streams. Unlike cell sheet 
migration, individual migrating cells are detached from one another and are loosely 
packed. During cell streaming, individual cells maintain transient cell-cell interactions 
and exhibit a general direction of migration (Figure 2.3). This form of collective 
migration of cells are especially common and important during developmental 
processes whereby directed movements are achieved by neural crest cells moving as 
streams [49].   
 
Figure 2.3. Migration of neural crest cells in (A) Xenopus and (B) chick embryos. (A) 
Neural crest cells in Xenopus embryo progress from a loose cell sheet to collective cell 
streaming. (B) Neural crest cells in chick embryo migrate as loosely associated cells 
and form chains. In both models, cells are polarized and they migrate in dense group in 
a general direction. Isolated cells lose their directionality and migrate randomly with 
poor directionality (sinuous path). Images adapted from Ref.[49]. 
 
2.3.3 Cell sprouting and branching 
Collective movements of cells can also take place in the form of cell sprouting or 
branching to establish extensively branched cellular networks. For instance, the 
elaborate network of endothelial tubes in the vascular system requires the branching of 
endothelial cells from an existing vasculature [51] (Figure 2.4). The outward growing 
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cellular branches are preceded by specialised “tip cells” at the very front of each 
branches. These tip cells are able to sense surrounding guidance cues, which in turn set 
an overall migratory polarity for neighbouring cells which are closely associated and 
connected to them.   
 
Figure 2.4. Cell sprouting in blood vessel formation. Presence of chemotactic gradient 
(blue gradient) activates the endothelial cells in existing blood vessels. A limited 
number of tip cells are selected via VEGF/notch-dependent regulatory mechanism. The 
tip cell migrates towards the chemotactic signal and adjacent cells are guided along the 
chemotactic cues. The migration of both tip cells and adjacent follower cells supports 
the elongation of the cell sprouting. Image is adapted from Ref.[51]. 
 
 
2.4 Main biological scenarios involving collective cell migration 
 
2.4.1 Collective cell migration during developmental processes 
Cell migration is a fundamental step in many developmental processes, without which 
complex organs and multi-architectural tissues will not be able to form properly. During 
embryonic development, migrating cells have prescribed migratory paths and 
destinations. For example, cells migrate collectively as sheets during gastrulation to 
form the three distinct layers (ectoderm, mesoderm and endoderm) in embryo. In the 
development of the lateral line of zebrafish, cluster of lateral line primordial cells move 
concertedly from the head to the tail along well-defined extracellular matrix (ECM) 
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tracks [52,53], while border cells migrate collectively along the nurse cells in the egg 
chamber during oogenesis in fruit flies [54].  The establishment of left-right symmetry 
during organogenesis similarly involves the collective movement of cells and are 
regulated by the intrinsic chirality of individual cells [55]. The collective migration of 
cells during these developmental processes is tightly regulated. Any malfunction in the 
migration or failure of cells to reach their destined location can result in undesirable 
birth defects. For example, the development of craniofacial features in babies involves 
the migration of neural crest cells as cell streams from both side on the face and they 
fuses in the middle. Failure to do so often lead to facial malformation such as cleft 
palate or cleft lips [5]. 
 
2.4.2 Collective cell migration during tissue regeneration 
Collective migration of cells is recapitulated during the epithelial tissue renewal and 
repair. For instance, in the renewal of intestinal epithelium, epithelial cells from the 
intestinal crypt base migrate up towards the villi tips continuously to replace apoptotic 
cells which are shed from the epithelium [56,57]. In epithelial wound healing, denuded 
regions at the injury site also offer both chemical and physical guidance cues to trigger 
and direct the movement of cell sheet [58]. It has been demonstrated experimentally 
that free space alone as seen in denuded regions in an injured epithelium is sufficient to 
initiate epithelial cell sheet migration [59,60]. Different migratory mechanisms are 
employed by the migrating cells to facilitate the gap closure depending on the size of 
the wound. Small gaps in epithelial tissue (size ≤ 20 µm or an effective spreading area 
of a single cell in an epithelium) are observed to be closed passively by contraction of 
intercellular actomyosin cable whereas, larger wound (size >20 µm) closure are 
dominated by active cell crawling [61]. 
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2.4.3 Collective cell migration during cancer progression  
Collective cell migration is also crucial to understand the progression of cancer. More 
than 90% of cancer morbidity is attributed to the metastasis of cancerous cells [62]. The 
term “metastasis” has a Greek origin meaning “displacement”. More than 80% of the 
cancer cells originate from epithelial tissues which are not very motile in their normal 
physiological environment [9,10]. However, they acquire a more migratory phenotype 
through a process termed “Epithelial-mesenchymal transition” or EMT [63,64]. During 
EMT, cells down-regulate their cadherin based intercellular adhesion, resulting in loss 
of stable adhesion to other neighbouring cells. This in turn facilitates the detachment of 
malignant cancer cells from their primary tumour site. Cells also produce proteolytic 
enzymes to degrade the ECM and basal membrane to migrate toward the blood stream 
and relocate to other distal sites giving rise to secondary tumours [10,63,65]. Cancer 
cells can invade other tissue either as individual mesenchymal cells, or as loosely 
associated chains of cells often seen with fibrosarcoma, glioblastoma and anaplastic 
tumours [66] (Figure 2.5). In some cancer types, such as oral squamous cancer 
carcinoma, and breast cancer (Figure 2.5), cancer cells might not de-differentiate 
completely into mesenchymal cells. These cancer cells can invade collectively into 
surrounding tissue while maintaining cohesive adhesion between cells and the substrate 
[67,68]. It was also observed that these cells can recruit fibroblasts to remodel their 
ECM micro-environment and facilitate their migration. 
 
 




Figure 2.5. Cells invading into surrounding ECM. This can occur as (A) single or 
chains of mesenchymal cells after undergoing EMT, (B) cell clusters/cohort which 
disseminate to neighbouring tissue after detachment from the original tumours or (C) 
as multicellular strands/sheets extending from the tumours. Figure is adapted from Ref. 
[66]. 
 
2.5 In vitro experimental models of collective cell migration 
Collective cell migration is a highly complex process which could not be addressed by 
simple biochemical assays alone. Delineating overlapping factors involved in such 
complex process requires well-defined, controlled and biological relevant in-vitro 
systems which may not be achievable in in vivo models. In this regard, biologists, 
material scientists, physicists and engineers have come together to cooperatively devise 
simplified but biological relevant assays to probe collective migration of cells. A variety 
of assays have been used by researchers to perform migration based experiments in 2D 
and 3D environments which mimic the native physiological conditions. They observe 
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how cells move and how cellular migration is affected by environmental cues which 
could be both biochemical and mechanical in nature.  
 
2.5.1 Wound healing assays 
One of the most common experimental assays is the scratch assay or wound healing 
assay. A confluent monolayer is “scratched” to mimic wounding in an epithelium and 
various aspects of the migratory behaviours such as the time required by the cells to fill 
the gap [69], the cohesiveness of cell-cell junctions and coordination of cells during 
their collective migration can be assessed. This is an inexpensive and facile method 
requiring no specialised tools and had been used in conjunction with other techniques 
to analyse the effects of altered molecular mechanisms and drugs on collective 
migration of epithelial and cancer cells [70-74]. Nevertheless, wound healing assays 
have several shortcomings. ECM coating on the surface could be damaged during the 
removal of the cells and chemotactic cues could also be released during removal of 
cells. The size and local geometry of the wound are also be very different between 
different sets of experiments.  
To overcome some of the aforementioned issues which have potential influence on the 
experiment, the use of “model wound” or “gap closure” assays are explored. In such 
assays, free space is created in a monolayer of cells without actually injuring the 
monolayer and there is no “wound” per se. This is achieved by growing of cells to 
confluence beside a removable stencil or barrier. Afterwhich, the barrier is removed 
and denuded regions is created in a monolayer [60,75]. The sudden appearance of free 
space next to the cells alone is sufficient to promote cell migration. The key advantage 
of these assays is reproducibility. Consistent initial conditions can be easily maintained 
in each experiment. For example, Poujade and colleagues reported the use of PDMS 
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microstencils to create alternating rectangular strips of epithelial monolayers and gaps 
for high throughput study on collective migration of epithelial cells [60] (Figure 2.6A). 
Apart from consistency of the initial wound size, there are no damage to the underlying 
ECM substrate. 
 
Figure 2.6. Cells are cultured on a substrate beside a PDMS thin elastic film which 
serve as a microstencil. When they reach confluence, this microstencil is removed to 
allow them to collectively migrate. Image is adapted from [60]. 
 
The shape and size of the gap can also be controlled by controlling the shape of the 
microstencil or barrier. For example, Anon and colleagues made use of PDMS 
micropillars to generate circular gaps of different sizes in an epithelium so as to study 
the mechanisms of “gap closure” in epithelial tissue (Figure 2.7) [60].  
 
Figure 2.7. Schematic view of generating gap in epithelial tissue. (A) Cells are grown 
around the PDMS micropillars. (B) Removal of pillar generate gap and (C) cells closes 
gap. (D–F) Corresponding phase contrast images of different stages in the experiment 
as shown in (A-C). Image is adapted from Ref. [61]. 
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2.5.2 3D cell invasion and chemotactic assays 
3D sprouting and invasion assays are commonly used in the study of vascular sprouting 
and cancer cell invasions [76-79]. Briefly, in 3D sprouting and invasion assays, 
endothelial cells or cancer cell lines are encapsulated within 3D collagen matrices and 
are allowed to traverse through the dense ECM matrix. Chemotactic signals can also be 
introduced at one opposing end of the matrix to influence cell migration. Likewise, 
primary cancer cells derived from malignant tissue explants have been used directly for 
cancer invasion studies too [80]. The 3D microenvironment used in these assay offers 
possibilities of visualising cell migration under the microscope with higher resolution 
while remaining physiologically relevant [81]. Valuable quantitative information can 
be obtained on how far individual cells displace from their original site in the presence 
or absence of chemokines and this is not easily achieved in in vivo models. Invasive 
cancer cells [78] and endothelial cells involved in angiogenic sprouting [82,83] possess 
multiple sets of proteolytic enzymes, such as matrix metalloproteinases (MMP), serine 
and cysteine proteases, allowing them to degrade and modify their extracellular micro-
environment as they traverse through the ECM. More recently, investigation of cancer 
cell invasion and vascular angiogenic sprouting using microfluidic devices have gained 
significant interests [84]. The use of microfluidics device provides the possibilities of 
co-culture of both endothelial and malignant cancer cells at separate chambers, 
introduction of drugs and application of shear flow [85,86]. These types of assays 
provide precisely controlled 3D environment to study role of different biochemical and 
mechanical factors in initiating and directing the rate at which individual cells escape 
the physical confinement imposed by the ECM to invade into other regions. Apart from 
invasion assays, microfluidic channels have been employed in the study of chemotaxis. 
The classical Boyden chamber is one of the more well-known assays and have been 
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used since 1960s to look at how immune cells migrate under chemotactic reagents [87]. 
Variations of the Boyden chambers are now more commonly employed to study the 
potential chemotactic effects of different compounds and underlying mechanisms in the 
chemotaxis of cancer cells [88] and endothelial cells. 
 
2.5.3 Microfabricated substrates 
The use of microfabricated substrates in the study of cell migration is also gaining 
popularity as many studies now focus not only on the biochemical and signalling 
pathways, but also on the interaction of migrating cells with one another, mechanical 
compliance, geometry and topography of their physical environment. Microfabrication 
technologies allow the engineering of substrates with precise geometry or topography 
to characterize and stimulate cells. For example, Doyle et al demonstrated with micro-
fabricated line patterns that one-dimensional migration of fibroblasts and keratinocytes 
can mimic their movement in 3D environments (Figure 2.8A) [21]. Furthermore, 
directionality and polarity of migrating cells are highly dependent on the spatial 
availability of extracellular proteins on the substrate [89]. Asymmetrically shaped ECM 
micropatterns such as teardrop or ratchet shape can polarise cells and determine 
migratiory direction of cells (Figure 2.8B) [22,23]. 
Micro-engineered substrate such as the micropillar array can easily be tuned to present 
different compliance to migrating cells and to characterise the magnitude of force cells 
exert on the ECM substrate [90,91]. The deformability of individual micropillar can be 
controlled by changing its diameter, height, and shape. For example, an oval-shaped 
pillar cross-section has an anisotropic rigidity with the major axis of the oval being the 
direction of higher stiffness (Figure 2.8C). Cells grown on such pillars have a tendency 
to migrate in the direction of higher stiffness [92]. It was also demonstrated that 
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migrating cells at the interface of substrates having different stiffness preferentially 
migrate towards and reside on stiffer substrates [93].  
 
Figure 2.8. Microfabricated substrates for studying cell migration and cell substrate 
forces (A) Migration of keratinocytes on 2D flat substrate, 3D matrix and 1D line. (B) 
Migratory directionality can be altered on micropatterned ratchet. (C) Cells grown on 
micropillar substrates can be evaluated by considering the displacement (dx) and the 
spring constant of the micropillar (k). Images are adapted from Ref. [21,22,93]. 
 
2.5.4 Traction force microscopy 
Actomyosin-generated forces are transmitted onto the underlying ECM substrates 
during many cellular processes including cell migration. Such forces are usually in the 
order of tens of nano-Newtons [94-96] and can be determined quantitatively with cell 
traction force microscopy using soft elastic polyacrylamide gel or an array of regularly 
spaced deformable micropillars as described earlier. Traction force probing using 
elastic and flexible substrate have been used since 30 years ago [97]. Harris and 
colleagues were one of the first few to probe the forces adherent cells exert on their 
ECM substrate [97]. Membrane protrusions of adherent cells grown on soft flexible 
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silicone film pull on it causing compression and wrinkling of the film surface (Figure 
2.9). Crude estimation of the force can then be done by considering the number of 
wrinkles and the elastic modulus of the substrate. Nevertheless, such an assay is unable 
to provide much information on the dynamics, transmission and spatial details as to 
which region of the cells are the forces exerted. 
 
Figure 2.9. Wrinkles produced by a single cell grown on a silicone membrane. Forces 
are estimated based on the number of wrinkles formed on the surface. Image is adapted 
from Ref. [98].  
 
Many improvements in terms of preparation and quantitative analysis are now seen with 
the use of linear elastic materials such as polyacrylamide (PA) gels (Figure 2.10) and 
the Fourier approach for traction measurement from substrate displacement [99]. 
Fluorescent beads are embedded within the PA gel and the displacement of the beads 
from their null-force position can provide us information on the magnitude and 
directionality of the applied force. This technique has been applied to probe traction 
forces exerted by a variety of cells  including mesenchymal cells [100,101], immune 
cells [102-104], and cancer cells [95,105]. More recently, Trepat and colleagues 
demonstrated that it is possible to compute the stresses in a migrating epithelial 
monolayer from traction force measurements and the application of classical mechanics 
[38,106-108]. This technique has also been optimized to study the forces at a more 
localized regions such as individual focal adhesions [109] and could be coupled with 
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Total Internal Reflectance Microscopy (TIRF) [110-112]. This makes traction force 
microscopy an attractive and robust tool to study how tension within a migrating 





Figure 2.10. Cell traction force microscopy (CTFM). (A) Human patellar tendon 
fibroblast (HPTF) grown on (B) polyacrylamide gel substrate with embedded 
fluorescence beads. The microbeads are displaced when cells exert forces on substrate 
and (C) displacement field can be determined by comparing the image of the 
fluorescent beads with attached cells and without cells. (D) Cell traction force field can 
also be determined. Images are adapted from Ref. [98].  
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Table 1. A summary of common in vitro models used in the study of collective cell migration adapted from [4]. 
Model Substrate Cell type, tissue or 
species 
Parameter assessed Ref 
2D scratch wound assay/  
“Model wound” assay 
Plastic or glass Epithelial cells 
(keratinocytes and 
colonic epithelium) 
Width of defect, cohesiveness of the cell-cell 
junctions and individual or collective cell 
polarization and migration 
[60,69-71,75] 
3D sprouting and invasion 
assay where cells are 
overlaid on to a 3D ECM 
or implanted as a 
multicellular spheroid 
3D ECM( containing 
fibrin and collagen or 
functionalized 
hydrogels) 
Endothelial or cancer 
cells 
Strand length, cell number and extracellular 
proteolysis 
[76-79,82-86] 
3D organ explant culture 3D matrigel or 3D 
collagen 
Mammary ducts or 
primary cancer 










endothelial cells or 
cancer cells 




surfaces and substrates  
PDMS, glass or 
plastic 
Epithelial, neuronal or 
mesenchymal cells 




Anisotropic rigidity on 
polyacrylamide and 
micropillars  
PDMS Epithelial or 
mesenchymal cells 
Cell polarity, cell morphology, migratory 
rate 
[90,92,93] 







cancer cells, epithelial 
tissues 
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2.6 Main mechanisms in collective cell migration 
 
2.6.1 Contact inhibition in locomotion 
Back in the 1950s, Abercrombie and Heaysman discovered that when two migrating 
fibroblasts collide against one another, they will cease to extend membrane protrusions 
in the direction of the other cell and instead reorient in the opposite direction. This 
phenomenon is termed “contact inhibition of locomotion” (CIL). CIL is an important 
mechanism modulating cell polarity in collective cell migration. Such phenomenon of 
inhibition of protrusion between neighbouring cells are observed among migrating cells 
under different physiological scenarios, such as neural crest cell stream migration [113], 
endothelial cells migration during angiogenesis [114] and possibly in the collective 
migration of an epithelial monolayer [115-117]. While exact mechanisms of CIL are 
still unknown, various classes of cadherins and Rho GTPases have long been suspected 
to be directly involved in CIL. This is because the entire process of “cell repulsion” 
upon contact involves firstly the sensing of neighbouring cells and secondly, 
repolarisation of cells [35,114,115]. In vascular sprouting, it was observed that VE-
cadherins mediated interactions between endothelial cells prevent further progression 
of the sprouting through suppression of Rac1 which ceases membrane protusions and 
migration [114]. When the lamellipodia of colliding cells meet each other, transient 
contacts are established followed by increased activity of RhoA [118]. Increased 
activity of RhoA, on one hand, inhibits Rac1 and on other hand, induces retraction of 
cell body away from each other (Figure 2.11) [35]. Nevertheless, much of the 
observations of CIL is reported on studies based on mesenchymal cells. How contact 
inhibition in locomotion influence migration of cohesive cell sheet and in cancer 
metastasis is still less well understood. 
 




Figure 2.11. Schematic depiction of contact inhibition of locomotion in collective 
migration of mesenchymal cells. When migrating mesenchymal cells collide against 
one another, transient adhesions are formed and local activity of RhoA increases while 
Rac1 is inhibited. Cells are repolarised and they move away from each other. Figure is 
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2.6.2 Free space 
During physical trauma, infections or inflammatory responses, cells undergo apoptotic 
and are removed from the extracellular matrix, leading to denuded region or “free space 
[119]. The presence of “free” ECM surface is a unique environment as it allows the 
interaction of cells adjacent to the boundary or edge with ligands present on the “free” 
ECM through cell surface receptors. The interaction of integrin-based adhesion 
provides anchors for the cells to exert forces onto the ECM [120,121] and this promotes 
cell movements. Recent studies further highlighted that the existence of “free space” 
alone is in fact sufficient to trigger coordinated and directional migration in an epithelial 
layer [59,60,122,123]. In normal circumstances, the presence of intact cell-cell 
junctions inhibits cell protrusion. Individual cells are unpolarised and remain stationary 
(Figure 2.12A). The presence of free edges creates an asymmetry in the tissue, with the 
boundary cells experiencing an asymmetry of cell-cell contacts. Boundary cells extend 
membrane protrusions and exert forces in the direction of free space and this trigger a 
net movement (Figure 2.12 B, C). 
 
Figure 2.12. Collective migration of cells as cell sheets in presence of free space. (A) 
In the absence of free space, compact group of adhesive cells in the tissue remains 
stationary. (B) When free space is available due to low cell density or wounding, cells 
adjacent to the free space polarize and migrate outwards (green arrows) while 
maintaining cell-cell adhesion with neighbouring cells. (C) In the presence of large free 
surface, individual cells within epithelial monolayer can be polarized towards the same 
general direction to achieve collective motility. Image modified from Ref. [124]. 
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Free spaces are also reported to induce biochemical signalling such as the epidermal 
growth factor receptors (EGFR) activation [123] and other key molecules essential for 
cell motility. In a migrating epithelial monolayer, it is also observed that ERK 1/2 
MAPK waves arising from EGFR activation propagate many rows behind the cell edge 
[59]. This can induce the motion of cells up to approximately 400µm behind the 
migrating cell front [125].  
 
2.6.3 Leader cells 
Another framework of the onset of collective cell migration place much emphasis on 
“leader cells” [126]. Leader cells, as seen in two-dimensional in vitro assays, are 
morphologically distinct with well-developed fan-shaped lamellipodia and are usually 
positioned at the front of a migrating cohort [122,127]. These cells can initiate and 
direct collective cell movements of follower cells across distances much farther than 
dimensions of individual entities and the loss of the leader can lead to a complete halt 
among follower cells [128].  
The leader-follower paradigm is also reflected in certain in vivo situations. Studies on 
morphogenetic process such as the formation of lateral line of zebrafish [129] and 
cancer progression reveal that a subpopulation of cells are bestowed with specific 
chemokine receptor. These cells take on the “leader” role as they can migrate along 
ECM tracks presenting the corresponding ligand and “pull” along the followers which 
might not interact with the ECM in chemokine-guided migration. One such example is 
seen in the migration of lateral line primordium during developmental stages of 
zebrafish embryos. Tip cells in the migrating cohort present chemokine receptors 
CXCR-4 which bind to SDF-1 ligand on the ECM. Follower cells farther away from 
the migrating front expresses a second CXCR-7 receptor which prohibit the activity of 
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CXCR-4 activity at the trailing end and forces migration of the cells in one single 
direction [4]. Nonetheless, the leader cells-follower paradigm is non-universal.  
This mechanism is strongly disagreed upon in an expanding epithelium. Trepat and 
colleagues showed that the stress state of a migrating epithelium is akin to a “tug of 
war” [106]. He provided quantitative results showing that while cells near to the free 
edge exerts larger forces on the ECM substrate, cells further away the edge are also not 
passively being pulled along. The physical mechanisms of such a process will be 
discussed in greater details in the later part of the chapter. 
 
2.6.4 Chemotaxis 
It has been long acknowledged that cells respond to the presence and gradient of 
chemotactic stimuli in their environment by crawling directionally toward or away from 
it. These stimuli are usually growth factors or molecules released by apoptotic cells 
(Necrotaxis) and can be either bounded to the ECM (haptotaxis) or diffusible in the 
media (chemotaxis) [130]. At cellular level, the presence of chemokines can activate 
phosphoinositide 3-kinases (PI3K) at the leading edge of chemotaxing cells,  leading to 
dynamic extension of cell membranes in one direction, establishment of asymmetrical 
cell polarity and directed cell migration (Figure 2.13) [131,132]. Chemotaxis at 
multicellular level can develop into a “leader cell” driven migration as described earlier 
in the previous section. For example, in the development of lateral line in zebrafish, 
“leader cells” emerge in the presence of a gradient of chemokine. Rear retraction of the 
leading cell exerts mechanical stretch on neighbouring cell, leading to reorganization 
of cytoskeleton and onset of migration. Migration of the “leader cells” induces 
mechanical stretching of the neighbouring cells through intercellular adhesion, leading 
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to the activation of ERK 1/2 pathway, reorganisation of cytoskeleton, and migration of 
the “follower cells”. 
 
 
Figure 2.13. Model for the coordinated migration of adherent cells in response to 
guidance cues. (A) Two adherent stationary cells with stable intercellular adhesion in 
the absence of external chemical cues. (B) When exposed to a gradient of chemokines, 
the cell nearest to the source adopts a ‘leader’ role and migrates towards the source of 
chemoattractant. (C) Rear retraction of the leading cell exerts mechanical stretch on 
neighboring cell, leading to the reorganization of cytoskeleton and onset of migration. 
Figure is adapted from Ref. [54]. 
 
Chemotaxis is also extremely important in the regeneration of tissue. During wounding, 
pro-inflammatory chemokine are released at the site of injury. Chemical signals directs 
the collective migration of fibroblast towards the injury site to facilitate the repair of 
ECM [48], followed by the re-epithelialization of the denuded region in the tissue. In 
the progression of cancer, cancer cells can also initiate and direct vascular branching 
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through the generation of pro-angiogenic factors [133]. As a result, the formation of 
endothelial vessels supplies nutrients to promote the growth of tumour and provide an 
“escape route” for metastasizing cancer cells. Chemotaxis is also observed to guide the 
collective migration of amoebae Dictyostelium discoideum and is important for their 
survival, especially during starvation [4,134].  
 
2.6.5 Mechanotaxis (Durotaxis) 
Cells possess “machineries” which enable them to sense and respond to mechanical cue 
arising from the physical environment. Directed movements of cells can arise in 
response to extracellular mechanical cues such as substrate stiffness gradients or fluid 
shear stresses and these phenomena have been widely observed among single migrating 
cells. For example, individual migrating endothelial cells exhibits preference to move 
towards the direction of fluid flow [135]. Solitary migrating fibroblasts also tend to 
migrate towards stiffer ECM regions [136] in a phenomenon termed “durotaxis”.  
Durotaxis occurs as a result of “positive feedback” of cells-substrate reinforcement as 
cell actively exert forces on their ECM micro-environment through focal adhesions. 
Mechano-sensitive ion channels present near focal adhesion [137-139] are activated as 
cells exert pulling forces. This leads to an influx of extracellular calcium, increased 
level of acto-myosin contractility [136,137] and reinforcement of the cell-substrate 
adhesions with clustering of focal adhesion complexes [140] (Figure 2.14A). 
Concurrently, various proteins such as focal adhesion kinase, paxillin [141], vinculin 
and talin are recruited to reinforce the adhesion [124,142]. As the local stiffness of the 
microenvironment increases, a solitary cell will consequently form a stronger adhesion 
on its substrate. Likewise, in the presence of a gradient of substrate rigidity, cell will 
have a tendency to form stronger adhesions on stiffer ECM regions. Trichet and 
 
Chapter 2 Literature review 
32 
 
colleagues showed previously that when fibroblast cells are grown on array of 
anisotropic micro-pillars presenting soft and stiff micropillars, these cells have a 




Figure 2.14. Durotaxis of fibroblast on PDMS micropillars. (A) Diagrams depicting 
mechanosensing mechanism. Stretching of actin stress fiber exerts tension on mechano-
sensitive channel (MS channel) as cells probe the surrounding. Influx of extracellular 
Ca2+ ions through the activated MS channel increases acto-myosin contractility 
through increased phosphorylation of myosin-light chain kinase. (B) Scanning electron 
microscopy image of cells spreading on micropillar surface of two different diameters. 
Micropillars with larger diameter are stiffer. (C) Cells positioned at the interface of the 
stiff and soft micropillar interface preferentially migrate and reside onto the stiffer 
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While directed cell movements in response to substrate rigidity are widely reported 
among single migrating cells, cellular responses to substrate stiffness is cell-type 
dependent and context dependent [18]. At present, it is not clear how migrating 
epithelial tissues or collective invasion of cancer cells will response to gradients of 
mechanical stiffness and whether the same mechanisms are involved. Nevertheless, 
there were evidences that stiffening of the ECM cellular microenvironment has a close 
association with the progression of cancer and metastasis of malignant cancer cells 
[133,143-145]. A recent study further support the idea that substrate stiffness can 
regulates cadherin-dependent collective migration through myosin-II contractility 
[146]. 
 
2.6.6 Topographical cues 
Apart from substrate rigidity, topographical cues presented by the cellular 
microenvironment have also been reported to modulate cellular movement by “contact 
guidance”. For instance, human corneal epithelial cells can sense and react to nanoscale 
substrate topographies. The presence of nano-ridges guides the alignment of actin 
microfilaments and focal adhesions which in turn determine the cell morphology and 
polarisation [147]. They exhibit a preference to migrate along the nano-patterns present 
on substrate rather than perpendicular to it [148]. In addition, contact guidance can 
accelerate collective cell migration. Compared to migration on flat substrate, 1µm 
spacing grated substrates accelerate endothelial cell sheets along the gratings and 
shorten the time for wound closure [149]. These evidences suggest that topographical 
guidance cue is one of the regulators of directionality and migratory efficiency in 
collective migration of cells. 
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2.6.7 Plithotaxis  
Mechanical forces within a migrating tissue and between individual cells are observed 
to guide collective cell migration [38]. With the advent of traction force measurements 
and high resolution microscopy techniques, researchers are now able to resolve stresses 
spatially and temporally within migrating cell monolayer [150]. Contrary to the “leader 
cells” and passive followers hypothesis of collective cell migration, in vitro wound 
healing experiments show that cells several rows behind the migrating cell edge are 
actively extending membrane protrusions [58], and exerting physical forces [106] both 
on the ECM substrate and neighbouring cells [17,108]. Consequently, each individual 
cell in the monolayer is in non-null tensile state [106]. The stresses built up in the 
migrating cell monolayer can either exist as tensile stresses (which results in elongation) 
or shear stresses (which results in lateral displacements or sliding motion) (Figure 2.15 
A). It is understood from continuum mechanics that it is possible to derive from such a 
stress system new set of axes (principal axes) whereby local shear stress is minimized 
(Figure 2.15 B).  
From very recent studies, Tambe et al. reported that individual cells preferentially 
migrate in the direction which will minimize shearing at the intercellular junctions and 
this phenomenon is termed “plithotaxis” (Figure 2.15 C) [38]. Although the underlying 
mechanism governing “plithotaxis” is still unclear, it is known that the disruption of 
intercellular junctions in migrating monolayer abolishes directed collective migration 
and leads to a complete halt of cell migration [91,107,150]. As such, one plausible 
reason is that the cell junctions and associated proteins are unable to withstand shear. 
In order to maintain physical integrity of the intercellular junctions, cell actively 
remodel its cytoskeleton to reduce the shear stress on the junctions leading to such 
emerging behaviour in plithotaxis [150].  
 





Figure 2.15. Stresses developed in an epithelium. (A) Stresses developed in a migrating 
cell monolayer can be broadly classified as tensile stress which results in extension or 
shear stress which results in lateral displacements. (B) Stress in a given coordinate 
system can be redefined to obtain the direction of minimal and maximal shear stress. 
(C) Collective migration of cells where individual cells preferentially migrate in the 
direction which impose minimal shear on the intercellular junction (Plithotaxis). Red 
arrows depict the velocity vectors and blue ellipses depict the direction and magnitude 
of maximal and minimum shear stresses. Local velocity vectors of migrating cells has 
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Chapter 3: Collective migration of epithelial cells under 
geometrical constraints 
 
3.1 Introduction and objectives 
Collective cell migration occurs under various geometrical constraints imposed by 
cellular microenvironment in several physiological and pathological conditions (e.g. 
cancer invasion and gastrulation). Cells can migrate as large epithelial sheets during 
wound closure [58], as ‘chains’ of tumour cells invading the surrounding matrix from 
the main tumour mass [80] or ‘tubes’ of neural cells migrating along the lateral line of 
the zebrafish [151]. Migration under such a broad range of external constraints induces 
diverse morphological behaviours including appearance of highly motile mesenchymal 
‘leader cells’ showing large lamellipodia, organization of small cohorts of ‘follower’ 
cells locally guided by leader cells resulting in ‘fingering’ instabilities of the edge [60] 
and ‘cryptic’ lamellipodia formation by cells several rows behind the leading front 
[54,117]. The role of geometrical confinement on collective cell migration has been 
recognized but had not been elucidated yet. In this chapter, we will investigate the  
collective cell migration in response to well-defined geometric constraints using a 
combination of experimental techniques including an original in-vitro assay based on 
micro-fabrication techniques [91] and particle image velocimetry (PIV) [152].  
 
3.2 Experimental methods and design 
 
3.2.1 Cell culture 
Wild type Madin-Darby Canine Kidney Cells (MDCK) cells were used in the 
experiments. MDCK cells are widely used as models to study the epithelial cell 
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migration. They have well defined apico-basolateral polarity and stable intercellular 
cell junctions. These cells were maintained in DMEM (Sigma) supplemented with 10% 
FBS (Hyclone) and 1% penicillin and streptomycin and were passaged every two days. 
For every experiment, cells were seeded onto the patterned substrates overnight before 
imaging.  
 
3.2.2 Fluorescence staining and visualisation of actin cytoskeleton  
Cells were fixed for 15 minutes in 4% paraformaldehyde and permeabilized for 10 
minutes using 0.1% Triton-X-100 in PBS. For visualizing actin network, the fixed and 
permeabilized cells were incubated with Alexa 488 labelled phalloidin for 30 minutes. 
Cells were then washed with 1x PBS and mounted using Fluorsave (Calbiochem). 
Images were acquired on a confocal microscope (Leica SP5).  
 
3.2.3 Micro-contact printing  
Micro-contact printing was used to generate protein micro-patterns on glass and plastic 
substrate used in experiments. The procedure involve the preparation of PDMS stamps 
from silicon moulds containing the desired features, inking of PDMS stamps, 
transferring of protein micropattern onto the substrate, and the passivation of the non-
inked regions on the substrate.  
For the preparation of PDMS stamps, a 1:10 ratio of curer to precursor was used. The 
curer and precursor were mixed to homogeneity before being poured onto the micro-
patterned silicon wafer. The sample was then degassed in the desiccator for at least 30 
minutes to remove any trapped air bubbles. They were cured at 80°C for 2 hours before 
these stamps were peeled off the silicon wafer. Micro-patterned PDMS stamps were 
treated under oxygen or air plasma in a plasma cleaner (Model PDC-002, Harrick 
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Scientific Corp) for 5 minutes. 50 μg/ml fibronectin solution was allowed to adsorb 
onto the surface of each PDMS stamp under sterile condition and shielded from light 
for at least 30 minutes till the surface was almost dry. The fibronectin solution consists 
of equal quantity of Cy-3 conjugated fibronectin and unlabelled fibronectin (Refer to 
appendix A1 for detailed protocol for conjugating Cy-3 dye to fibronectin). This is to 
facilitate the visualisation of protein pattern after the transfer. The PDMS stamp was 
then deposited onto the surface of a petri-dish to allow transferring of the micro-features. 
Subsequently, this sample (stamped petri-dish) was inspected under a fluorescent 
microscope to verify the smooth transfer of fibronectin micro-patterns (Figure 2.2). 
Surface of sample was then treated to passivate non-fibronectin coated regions with 
1ml of 0.1mg/ml PLL-g-PEG (for culture treated petri dish/ glass substrate) and 1ml of 
2mg/ml pluronic F-127 (for non-culture treated petri dish) for 2 hours. 
 
Figure 3.1. Schematic depicting the procedures in micro-contact printing. An 
elastomeric PDMS stamp is moulded from the master mould. After the stamp is cured 
at elevated temperature, it is removed from the mould and inked with a protein of 
interest. The patterns are then transferred onto the substrate by contact printing, and the 
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3.2.4 Silanization of silicon wafer 
To facilitate the removal of PDMS from the silicon mould, silanization with 
trichloro(1H,1H,2H,2H-perfluorooctyl)-silane (Sigma Aldrich) were performed to coat 
a layer of non-adhesive layer on the wafer surface [153]. Silicon wafers were placed in 
a vacuum desiccator together with a weighing boat containing a few drops of silane. 
Air was pumped out of the desiccator for 15 minutes to create a low pressure chamber 
for vaporization of the silane. Air valves of desiccator were then left closed for at least 
an hour to allow deposition of silane onto the wafer surface.  
 
3.2.5 Design of micropattern used 
The fibronectin pattern used in this study consisted of a large rectangle (‘reservoir’) 
connected to strips of varying widths ranging from 20 up to 400 µm (Figure 3.1).  
 
Figure 3.2. Design of micro-pattern. The design consists of a large rectangle 
(‘reservoir’) connected to strips of varying widths ranging from 20 µm to 400 µm. 
 
The fibronectin pattern (Figure 3.2A) was first microcontact-printed onto polystyrene 
petri-dish and visualized using fluorescence microscopy. A confluent monolayer of 
MDCK cells was grown inside the reservoir adjacent to a slab of polydimethylsiloxane 
(PDMS) (Figure 3.2B). By doing so, no damage was inflicted on the monolayer and the 
initiation of cell migration onto the fibronectin strips can be controlled simply by 
Cell seeding area/ 
Reservoir 
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removing the PDMS slab (Figure 3.2C). Providing a free virgin surface by removing 
the block of PDMS was sufficient to trigger the migration of MDCK epithelial cell 
sheet from the reservoir into the fibronectin strips. 
 
Figure 3.3. Schematic of experimental procedures. (A) Micro-contact printing of 
fibronectin onto polystyrene petri-dish. (B) A schematic of the microcontact printed 
fibronectin pattern with a block of PDMS (gray). The large rectangle at the base acts as 
a reservoir where cells are initially seeded and allowed to achieve confluence. (C) 
MDCK cells migrating on fibronectin patterns after the PDMS confining block is 
removed. 
 
3.2.6 Time lapse video microscopy 
Cell migration experiments were performed on a microscope equipped with 
temperature, humidity and CO2 control (Olympus IX81) for live imaging. For some of 
the experiments, image acquisition was performed on a BiostationTM microscope 
(Nikon). Phase contrast images were acquired every 4 minutes using a 10x objective. 
Acquisitions were typically obtained over a period varying from 12 to 24 hours. 
 
3.2.7 Particle image velocimetry 
Manual tracking of individual cells is laborious and inefficient, while no reliable 
automated individual cell tracking tools is currently available. Particle image 
velocimetry (PIV) provides a mean for researcher to obtain the velocity information of 
migrating cells from a series of images efficiently. It is an optical based method to 
obtain velocity and related measurements from images. Images are divided into 
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multiple number of interrogation windows. Each interrogation windows should contain 
sufficient numbers of tracers to enable comparison between the current time frame and 
the subsequent time frame. Cross correlation techniques are then performed to compute 
the displacement vectors at each sub-windows by finding their best match at the 
successive time frame (Figure 3.3).  
 
Figure 3.4. Particle image velocimetry. An image is divided into multiple interrogation 
windows. Each interrogation window is compared to itself and its adjacent windows at 
the subsequent time frame to detect the best match and determine the displacement 
vector. Image adapted from Ref.[154]. 
 
For the mapping of velocity field in migrating tissue, PIV was performed using MatPIV 
package, implemented in MATLAB [155]. Background subtractions of the input 
images were first performed in ImageJ to remove noise. Image stabilization was 
performed in ImageJ using as described earlier [156]. Single cells (n>10) were tracked 
using the manual tracking plugin for Image J and the results are used as input to 
determine the size of interrogation window for PIV as well as to confirm the accuracy 
of PIV. Interrogation windows of 32 by 32 pixels or 20.48µm by 20.48µm were chosen 
with 50% overlaps.  
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3.2.8 Cell elongation factor and orientation index 
The outlines of individual cells were traced using Image J (N>30). Elongation factor 
and orientation index were then computed by considering individual cells fitting the 
cells as ellipses using standard analytical functions. Elongation factor is the ratio of the 
major to minor axis of the fitted ellipse and its orientation is considered to be the 
absolute value of cosine of the angle between the major axis of the cell and the length 
of the fibronectin strip (Figure 3.5).  
 
Figure 3.5. Definition of cell elongation factor and orientation index. The outline of 
individual cells were traced manually in Image J and fitted to ellipses. Elongation factor 
and orientation index were computed accordingly as defined. 
 
3.2.9 Order parameter 
The velocity field of migrating cells was mapped using PIV. The velocity field was 
further analysed to retrieve information of the alignment of the velocity vector toward 
the long axis of fibronectin micro-pattern (order parameter). The order parameter is 
defined as the absolute value of the cosine of the angle that the velocity vector makes 
with the length of the fibronectin strip. The order parameter varies from 0 (for those 
vectors that are directed perpendicular to the length of the strip) to +1 (for velocity 
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3.2.10 Spatial correlation of velocity vectors 
Spatial correlation of velocity vectors provide a statistical measure on the spatial 
distance whereby the velocity vectors are coherent. In the context of migrating cells, 
the spatial velocity correlation function offers us an estimate of the distance or length 
scale whereby the movements are truly collective in a given direction [152]. This 
distance is also known as the “correlation length”. To determine the correlation length, 
each velocity vector is first decomposed into two orthogonal vectors (u and v) in the 
directions perpendicular and parallel to the long axis of the fibronectin strip respectively. 













〉𝑡            (3.2) 
where 𝐶𝑢  and 𝐶𝑣  are the correlation coefficients in the directions perpendicular and 
parallel to the long axis of the fibronectin strip respectively, 𝑢∗  and 𝑣∗  are the 
deviations of the velocity from the mean velocity in the directions perpendicular and 
parallel to the strip, 𝑟 is the vector of the coordinates, and 𝑡 refers to time. The spatial 
velocity correlation functions were evaluated by averaging the correlation coefficient 
over all the directions such that 𝐶𝑢 and 𝐶𝑣 are now functions of ‖𝑟‖ (the norm of 𝑟). 
The correlation length is the distance (‖𝑟‖) where the spatial velocity correlation 
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3.3 Results and discussions 
The removal of the PDMS block upon confluence of cells on the reservoir created free 
space which was sufficient to trigger directional migration of the cells onto the 
fibronectin strips [59,60]. In traditional wound healing experiments, cell sheet are 
presented with an infinitely wide 2D free surface without confinement from the ECM. 
Using this assay, collective cell migration was strictly confined into the fibronectin 
patterns with well-defined and finite width (Figure 3.6). Further analyses were then 
performed on the cell morphologies and movements within the different channels after 
allowing the cell sheet to migrate for approximately 4 hours.  
 
Figure 3.6. MDCK cell sheets migrating on fibronectin strips of different widths, 
ranging from 20 µm on the right to 400 µm on the left. (Scale bar 200 µm). 
 
3.3.1 Morphologies of migrating cells 
Both the cell shape and density could affect the migration characteristics of cell 
populations [108,157], thus the first step was to determine whether confining migrating 
epithelial cell migration with ECM geometrical constraints alter these two parameters. 
To evaluate any possible morphological differences, distribution of actin stress fibres 
was visualized. The elongation and orientation index were also determined. Cells were 
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fitted to ellipses in Image J and the ratio of the major and minor axis of the fitted ellipses 
provided an estimate on the elongation of the cells. This also suggest how “stretched” 
a cell is. An elongation factor of 1 indicates that the cell is fitted to a circle and a value 
greater than 1 indicate that the cell is elongated and oriented towards a specific direction. 
The orientation of the cell is evaluated as be the absolute value of the cosine of the 
angle between the major axis of the cell and the length of the fibronectin strip.  
Cells were found to be much more elongated and oriented along the length of the strip 
in the narrow (20 µm) strips while they had no preferred orientation in the wide and 
intermediate width (400 and 100 µm) strips. Furthermore, some cells at the leading 
front on the wider strips occasionally developed large lamellipodia and assumed a 
mesenchymal phenotype reminiscent of ‘leader’ cells described in other studies 
previously [60]. Actin stress fibres were also found to be randomly distributed in the 
400 and 100 µm wide strips but directed along the long axis of the strip in the 20 µm 




Figure 3.7. Actin staining of stress fibres. Actin staining showing random stress fibre 
distribution in the 400um strip (arrow heads, left panel) and aligned stress fibres in the 
20um strip (arrow heads, right panel) at the leading front. (Scale bar 20 µm). 
 
The elongation factor was found to be 1.82 ± 0.05 on the 400 µm and 1.91 ± 0.03 on 
100 µm wide strips and increased to 2.52 ± 0.16 in the 20 µm strips (Figure 3.8A). This 
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indicates approximately an increase of ~30 to 40% elongation or stretching of the cells 
migrating on the narrow strips as compared to the intermediate and wide strips 
respectively. Together with the increased stretching of cells on the narrower strips, cells 
on the narrower strips were similarly more oriented toward the long axis of the strip. 
On the 400 and 100 µm strips, cell density increased from ~1 cell/1000 µm2 at the 
leading front to ~4 cells/1000 µm2 about 600 µm away from the leading front. This 
suggests that on the wide and intermediate width strips, only cells nearer to the edge 
are migrating and spreading out. This lead to a decrease in cell density near the leading 
edge. Cells farther away from the edge are stationary and thus the cell density remain 
relatively higher. Surprisingly, cell density profile on the 20 µm wide strips showed 
large saw-tooth fluctuations and varied from ~1 cell/1000 µm2 at the leading front to 
~9 cells/1000 µm2 600 µm away from the leading front (Figure 3.8B). This difference 
in cell density profile on the narrow strip could suggest a difference in how cells migrate 
under confinement on narrow ECM strips and more detailed discussions will be 
included in Chapter 4. 
    
 
Figure 3.8. (A) Elongation factor and orientation index were computed by considering 
individual cells (n>30) as ellipses. Elongation factor is the ratio of the major and minor 
and the orientation of the cell is considered to be the cosine of the angle between the 
major axis of the cell and the length of the fibronectin strip. Error bars depict standard 
errors of elongation and orientation factors respectively (B) Changes in cell density at 
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3.3.2 Average dynamic behaviour of migrating cell front 
The dynamics of cell front has been used widely to assess how efficiently cell sheets 
migrate. Average cell front velocity was computed by manually tracking of the average 
position of the cell front at different time points and at least three separate experiments 
were considered for the computation of average velocity. It was observed that the 
average velocity of the cell front vary with the width of the strips increasing from 22.4 
± 2.2 µm/hr for the wider ones (400 µm) up to 39.0 ± 3.9 µm/hr for the narrow ones 
(20 µm) (Figure 3.9). Earlier studies involving MDCK wound healing assays reported 
that the average velocity of the cell front was approximately 15 µm/hr. In comparison, 
MDCK epithelial cells migrate much rapidly along fibronectin patterns of definite 
width compared to an infinitely wide 2D free surface presented in a wound healing 
assay. 
 
Figure 3.9. Velocity of cell front computed for wild type MDCK cell sheets moving 
on patterns of different widths. Error bars depict standard errors in cell front velocity 
between different set of experiments. Black dashed lines are given as guides to depict 
the velocity trend. 
 
To further probe how geometrical constraints influence overall migration velocity of 
cell sheets, mean progressions of the migrating cell front were computed over the whole 
observation period of approximately 20 hours. This was done manually by tracing the 
leading cell front at an interval of 10 µm spacing. Fitting the data with a power law,<
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𝑠 >= 𝑎. 𝑡𝑛, we obtained an average n value which is approximately 1 for all widths. 
This indicates that the mean progression of cell front is generally linear with time 
(Figure 3.10A). This also suggest that the collective movement of cells is unlikely to 
be driven by one single cell which actively pull on passive followers. If the migration 
is driven or led by a single leader cell, we will expect a higher initial velocity which 
slows down gradually as an increasing amount of force is required to pull on the 
“passive followers” as the cell sheet progresses and more cells are mobilized.  
Though an average linear progression of the cell front was observed for all the channels, 
larger fluctuations in the mean cell front displacement were obtained in the narrow 
strips (20 µm) than in the wider ones (from 100 µm to 400 µm) (as shown by the 





Figure 3.10. Distance covered by the cell sheet on strips of different widths as time 
progresses represented (A) on log-log scale and on (b) linear scale. Data represent mean 
values from at least 3 independent experiments. Error bars depict standard errors of cell 
front displacement in different set of experiments. 
 
This correlated well with the phase videos showing that cells on the narrow strips 
migrated in a contraction-relaxation or ‘caterpillar’ like fashion which in turn give rise 
to large fluctuations in the velocity values (Figure 3.11A). This type of migratory 
pattern is unique to migration of epithelial cells on the narrow strips. Throughout the 
entire time course of observation, cells on the wider and intermediate width strips 
A B 
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migrated much more ‘smoothly’ without any contraction-relaxation type of movements 
(Figure 3.11B). These differences in the dynamic evolution of the cell front are 
evidences that the degree of confinement presented by the fibronectin patterns, present 
in both in vitro and in vivo environments, can influence the coordination of individual 
cells during migration and how they are mobilized during collective migration. These 
factors can in turn lead to a difference in the overall migratory efficiency. 
 
 
Figure 3.11. Phase contrast image sequences showing cell movements on narrow and 
wide fibronectin strips. (A) Image sequences showing contraction and relaxation of cell 
movements on narrow fibronectin strips. (B) Image sequences showing monotonous 
movements of cells on wide fibronectin strips towards empty space. (Scale bar 100 µm). 
 
3.3.3 Velocity fields of migrating epithelial cell sheets 
How geometrical cues influence the coordination of individual cells within the 
epithelium is not very well understood, and whether the different mode of migration 
A B 
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(contraction-relaxation in narrow strips vs. ‘smooth’ migration in wider strips) arose 
from differences in local velocity fields within the epithelial cell sheets is unclear. To 
address these questions, particle image velocimetry (PIV) was used to analyse the 
velocity field in the migrating cell sheets. PIV is a technique widely used in 
hydrodynamics to extract local displacement and velocity information. The 
computation divides each images into multiple sub-windows and perform cross-
correlation of each sub-window in successive images to determine the local 
displacement [152]. In more recent years, it has been used in the study of cell migration. 
Compared to the manual tracking of single cells, PIV is a more efficient and automated 
method to extract velocity information from phase contrast videos of migrating cells. 
And since the intracellular details of cells in the phase contrast images offers reasonably 
good texture for image correlation, additional tracers were not required for cell tracking 
using PIV.  
To visualise the spatial distribution of the magnitudes of instantaneous local velocity 
fields, local velocity vectors were represented in the form of heat maps (obtained using 
PIV analysis of the images). It was seen consistently in the 400 µm and 100 µm wide 
strips that velocity vectors of high magnitude (‘hot’ or red regions, ~35-40 m/hr) were 
predominantly localized to several rows of cells (~100-150 m) at the leading front, 
while low velocity vectors (‘cold’ or blue regions, ~15 m/hr) were observed farther 
away from the leading front (Figure 3.12). 
 





Figure 3.12. Particle image velocimetry analysis of migrating epithelial sheets on wide, 
intermediate and narrow strips of fibronectin. (A) Heat map showing typical spatial 
distribution of modulus of velocity fields at a given instant along 400 µm wide, (B) 100 
µm and (C) 20 µm wide strips. (Scale bar 50 µm). 
 
To further characterise the spatio-temporal velocity profile in strips of different width, 
velocity vectors were averaged across the width of the fibronectin strip at each time 
frame and represented on a colour coded kymograph. This allow us to examine the 
average migratory velocity (hotter colour represent higher velocity) at different distance 
from leading front at different time frame. Analysis of the kymographs showed that 
clusters of high velocity vectors in the wider strips were not static but localized to 
different regions of the cell front at different time points (Figure 3.13 A, B). Average 
velocity of cells within approximately 200 µm away from leading front was also 
generally higher than those farther away suggesting that, in the wider strips, several 
rows of cells at the leading front are much more motile than those farther away.  And 
since individual cells are held together to their neighbouring cells by adhesive cell-cell 
junctions, the tension developed at the leading front as the cell monolayer progresses 
get transmitted to the cell sheet behind and the slower moving cell sheet behind are 
pulled along. 
In contrast, in the 20 µm wide strip, PIV analysis showed that large velocities originated 
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leading front (Figure 3.12C). Furthermore, significant negative velocities (opposite to 
the movement of the overall cell front) were also observed (Figure 3.13 C, D). This is 
an indication that either some cells along the cell chain are moving backwards or there 
is a well-coordinated ‘push-pull’ mechanism within the cell chain in the narrow strips. 
Looking back at the phase contrast images, a contraction and relaxation or ‘caterpillar-
like’ mode of migration appears to be a more plausible explanation (Figure 3.11 A). 
The next obvious question to ask is then what is the lengthscale of this phenomenon 
and whether it is the dominating mechanism driving the epithelial cell migration on the 
narrow strip.  
 
Figure 3.13. Particle image velocimetry analysis of migrating epithelial sheets on wide, 
and narrow strips of fibronectin. Kymographs of the migrating cell sheets colour coded 
for velocities on (A) 400 µm wide and (C) 20 µm wide strips. Red colour represents 
large velocity vectors in the direction of the migration of the cell front while blue 
represents velocities directed against the migration of the cell front. The time scale 
along y-axis is ~10 hours. Velocity profile along the lines shown on the kymographs at 
three different time points on (B) 400 µm wide and (D) 20 µm wide strips. Black dotted 
lines denote the position of cell edge at time t. On the narrow strips, velocities show 
significant negative values while in the wider strips they are predominantly positive 
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A closer look at the migration revealed that the contraction-relaxation cycle in the 
narrow strips spans approximately 100 µm (or 3-6 cells). Such alternating phases of 
acceleration and stalling appear to be reminiscent of the extension of finger like shapes 
in migrating epithelia as previously described [158]. However, this observation 
suggests that while the leading front is important in driving migration of cells into the 
strips, cell-cell interactions far away from the leading edge also actively contribute to 
the net progression of the cell monolayer. Interestingly, the magnitudes as well as 
fluctuations in velocities were higher on the edges of the wider strips than in the middle 
of the strip (Figure 3.14). One possibility is that cells in this region are confined only 
on one side. Hence, they exhibit an intermediate behaviour between cells in the middle 
of the wide strip and those in the narrow strips.  
 
Figure 3.14. Velocity profile along the edge (Top) and middle of the 400-μm wide 
strips (Middle) compared to the velocity profile along the 20 μm wide strips (Bottom). 
Higher magnitudes and fluctuations are observed in the 20 μm wide strips and on the 






Chapter 3: Collective migration of epithelial cells under geometrical constraints 
54 
 
The direction of the velocity vectors were further analysed to delineate the role of large 
scale coordinated movements and correlation length of such movements in regulating 
the migration modes. Large and transient vortices of approximately 100 µm in diameter 
(approximately 10 cells) were observed in the 400 µm wide strips and interestingly, 
these patterns are not exhibited by migrating cells on strips of widths ≤100 µm (Figure 
3.15). This result is in agreement with previous studies based on traditional wound 
healing assays which observe that the velocity vectors in migrating cell monolayer is 
anisotropic in directionality and that complex flow patterns such as vortices can emerge 
as a result [152,159].  
 
Figure 3.15. Quiver plot of migrating epithelial sheets on (A) wide (400 µm), (B) 
intermediate (100 µm) and (C) narrow strips (20 µm) of fibronectin. Magnified views 
of region are delimited by green boxes (right panels). Direction of velocity vectors 
shows (A) vortex formation in 400 µm fibronectin strips (top panel) but not in strips 
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Consequently, the spatial velocity correlation along the length (ξv) and width of the 
channel (ξu) were determined to quantify the distances over which the movements were 
collectively driven within the monolayer. Previous studies on epithelial cells have 
shown that large unconfined migrating monolayers led to similar finite values of the 
correlation lengths within a range comprised between 120 m up to 200 m (Figure 
3.16A, [108,160,161]). Here, the correlation length ξ u scales with the width of the strips 
for strips whose width was ≤100 µm. However, in strips > 100 µm wide, ξ u saturates 
quickly reaching a value of ~100 µm, reflecting mostly the internal dynamics of the 
monolayer (Figure 3.16A). Interestingly, a similar relationship has been previously 
described for other physical systems such as sedimenting colloids [162]. The velocity 
fluctuations in colloidal sedimentation varied with the confinement only for dimensions 
smaller than the characteristic swirl size.  
Average velocity fluctuation is computed by normalizing the fluctuations in the 
velocity perpendicular to the length of the strip (ΔU) by the mean migration velocity of 
the cell sheet (V). From the average velocity fluctuations (perpendicular to the length 
of the strip) plot (Figure 3.16B), it was observed that these fluctuations scaled with the 
width of the strip in a fashion similar to that observed for the correlation length. In the 
parallel direction of the strip, the correlation length, ξ v, shows a nearly constant value 
(~100 µm) as a function of the width (Figure 3.16A). Consequently, it appears that 
geometrical constraints are sufficient to modulate the dynamics of cell-cell interactions 
and induce large scale alignment of cells.  
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Figure 3.16. (A) Spatial correlation of velocity vectors perpendicular (ξ u) and parallel 
(ξ v) to the longitudinal axis of the strip. For strips ≤100 μm, ξ u scales with the width 
of strip. As the width of strip increases, ξ u quickly plateaus off at ~100 μm for large 
cell sheets (black line). Inset: Log-log plot of correlation distance as a function of the 
width of strips. ξ v shows a roughly constant value of ~100 μm for strips of all widths 
(red line). Correlation length values for unconfined monolayer are obtained from Ref. 
[108,160,161]. Red and black dashed lines are given as guides for the trends of ξ u and 
ξ v respectively. (B) Fluctuations in the velocity perpendicular to the length of the strip 
(ΔU) normalized by the mean migration velocity of the cell sheet (V) as a function of 
width of the fibronectin strips. (Inset) Log–log plot of the normalized velocity 
correlations as a function of the width of the fibronectin strips. Error bars denote 
standard errors of velocity fluctuation.  
 
The order parameter of the velocity vectors was then computed to confirm that the 
geometrical constraints govern a transition in the polarized migration of the 
multicellular assemblies (Figure 3.17A). The order parameter has a value of 0 (for those 
vectors that are directed perpendicular to the length of the strip) to 1 (for velocity 
vectors parallel to the strip).  The quantification of this parameter exhibits a significant 
decrease from 0.92 down to 0.79 when increasing the width of the channel from 20 m 
up to 400 m, respectively. These observations are well supported by recent numerical 
results showing that the length scale of geometrical constraints could have a strong 
influence on the emerging directionality in cell populations, irrespective of the 
dynamics of a leading edge and of potential proliferation effects [163].  
To test quantitatively if the simple mechanical interactions can explain the change in 
behaviour between wide and narrow channels, modelling was performed to simulate 
the effect of confinement on cell migration. The modelling work was performed by Dr. 
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Alexandre Kabla from Cambridge University as part of collaboration on the project. 
The particular code used in the simulation has been described and characterized 
previously [163].  
The numerical model is based on self-propelled cells interacting through adhesion and 
excluded volume interactions. The polarity of each cell, controlling the direction of its 
motile force, evolves as a result of a feedback from the cell displacement, with a certain 
persistence time. This framework, implemented using a cellular Potts model [164], 
proved to quantitatively reproduce correlations patterns in dense MDCK cell 
populations [165]. In the cellular Potts model, cells can occupy any shape and are 
represented by pixels in a lattice. The dynamic of each points in the lattice determined 
the position and shape of the cells at each time point and is computed by minimization 
of an energy function. The main physical parameters in the energy function or the model 
are the membrane energy (J), the cell motile force (µ), and the persistence time of the 
cell polarity (τ). These quantities account for cell stiffness, cell adhesion, and cell 
migration, and control the correlation length of the cell velocities in unconstrained 
conditions [163]. 
In the model, he considered a population of N x N motile cells (for values of N ranging 
from 3 to 40 cells) confined in a bi-periodic domain. A transition from sheet migration 
(full alignment) to swirls (no overall alignment) was observed as the size N of the 
system is increased from a few cells to tens of cells. Consistently with the experiment, 
the alignment transition is found to occur when N is of the order of the correlation 
length of the unconstrained case (Figure 3.17B). This similarity suggests that such a 
transition is a physical process driven by the internal dynamics of the cell sheet although 
the overall directionality and caterpillar-like dynamics are still governed by the leading 
front as described by other models [4]. In particular, the order parameter in the 
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experimental system tends to a finite value at large channel widths, consistent with 
wound healing assays, rather than zero as expected in the simulation. Together, these 
observations establish that physical constraints affect cell-cell rearrangements and thus 
the active forces exerted through cell-cell junctions.  
 
Figure 3.17. (A) Average order parameter of the velocity vectors decreases with 
increasing width of the strip in wild type MDCK cells. A value of 1 means velocity 
vectors are all oriented along the length of the strip in the direction of cell sheet 
migration while 0 means that they are oriented perpendicular to the direction of cell 
sheet migration. Black dashed lines are given as guides to depict the trend of order 
parameter with increasing width of strips. (B) Order parameter as a function of the 
width of the population (represented in cell diameters) obtained from a numerical model 
of collective cell migration. Following the notations used in ref. [58], the model 
parameters used to generate this data are membrane energy (J=5), cell motile force 
(μ=0.125), persistence time of the cell polarity (τ=10 Monte Carlo steps), and energy 
fluctuation scale (T=2.5), with a cell volume of 400 pixels. Each value is an average 
over three independent realizations and over 7,500 Monte Carlo steps for each of them. 
Error bars denote standard errors of mean order parameter obtained from (A) 
experimental model and (B) the numerical model respectively. 
 
3.4 Conclusion 
In this chapter, the effect of external constraints on collective migration of epithelial 
cells was investigated with the use of a novel in vitro assay. It is observed that a decrease 
in the width of the strips is accompanied by an increased elongation and higher oriented 
organisation in the cell sheet which in turn contribute to overall increase in the speed 
of the migrating cell sheet.  
A switch in the collective behaviours of cells is observed from the migration on wide 
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fibronectin patterns that exhibited formation of swirls or vortices (~100 µm) to a more 
directed but contraction-relaxation-based type of migration in narrow channels. Region 
of high velocity is localised to the several rows of cells (~100-150 m) at the leading 
front in the wide strips. In contrast, large velocity fields observed far away from the 
leading cell front in the narrow channels suggested that local coordination originates 
from the interactions with the boundaries of the strips rather than with the leading edge. 
The migration of cells on the strips involves the active participation and cooperativity 
of cells farther away from the leading edges and the progression of the cell sheet is 
unlikely to be driven by leader cells. In the case of leader cell driven migration, the 
motion will be characterised by gradual decrease in cell orientation and polarity from 
the leading cell edge toward the epithelium [128]. Contraction-elongation type of 
motion will not be expected and instead a large conspicuous leader cell will be expected 
at the very front of the leading cell edge.  
Furthermore, the correlation length shows that the dynamics of cell sheets was strongly 
driven by active processes. The correlation length represent the distance whereby 
movements are truly collective and it is dependent on the width of the strip. Correlation 
length is equivalent to the width of strips up to 100 µm and remains consistent at 
approximately 100 µm for those strips wider than that. It reflects the intrinsic dynamics 
of the epithelial cells (~100 µm) whereby there is a limit to the extent of cell-cell 
coordination and we termed it as the “natural correlation length”. Interestingly, this 
phenomenon has equally been observed in passive physical systems [162]. The systems 
behaviour, as the width of the strip is varied, is reminiscent of phase transition observed 
in various systems from a relatively disordered regime to a more orderly behaviour in 
response to changes in local density of the constituent particles [166-168]. The 
numerical results, performed by Dr Alexandre Kabla, had in particular confirmed that 
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such a physical approach could account for the evolution of the order parameter as the 
width is varied. 
Altogether, results showed that geometrical constraints imposed by ECM led to the 
emergence of a more directed and ordered migration when the population was confined 
below its natural correlation length. The migration of cells involves active participation 
of cells at different distance from the leading cell edge and is unlikely to be driven by 
leader cells. Spatial and temporal profile of the cell-substrate traction forces during 
migration can be quantified to verify this hypothesis. Furthermore, cell- traction force 
can be inhibited with the drugs in an attempt to test if cellular contractility is one of the 
key regulators governing the switch in epithelial cell sheet migratory behaviour under 
confinement. 
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Chapter 4: Role of cellular contractility in epithelial 
migratory pattern formation 
 
4.1 Introduction and objectives 
Mechanical force is one of the many critical factors driving cell migration. Migrating 
cells constantly exert forces onto their underlying substrate. In an expanding epithelial 
monolayer, traction forces driving migration is not only restricted to leading cells at the 
edge of the epithelial monolayer but can arise many rows farther away [106]. 
Nonetheless, maximum force intensity is usually localized at the leading cell front and 
cell-substrate force decreases with increasing distance from the edge [90]. Differences 
in directionality and magnitude of local force generation subject the epithelium to a 
“tug of war” or a state of stress [106]. In fact, the tensile state of migrating epithelia 
tissue have been reported to direct local arrangement and movement of cells. Migrating 
cells in an epithelium have a preference to move in a direction to minimize shearing at 
cell-cell junctions [38]. As such, the traction force profile and stress state of a migrating 
epithelial tissue provide mechanistic insights into cell coordination and mechanisms 
during migration.  
In the previous chapter, consistent results proved that external ECM constraints alters 
the velocity fields, dynamics and efficiency of migration in epithelial cell sheet. In this 
chapter, the traction force profile of migrating epithelial tissues will be examined using 
micro-force sensor array (FSA), in an attempt to understand the different epithelial 
migratory phenotypes in the presence of external constraints. Drug experiments will 
further be performed to verify if acto-myosin contractility is in fact a key regulator in 
the formation of the various collective cell migration patterns.  
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4.2 Experimental methods and design 
 
4.2.1 Cell culture and reagents 
Wild type Madin-Darby Canine Kidney Cells (MDCK) cells were used in both 
micropillar traction force experiments and blebbistatin experiments. They were 
maintained in DMEM (Sigma) supplemented with 10% FBS (Hyclone) and 1% 
penicillin and streptomycin. Cells were passaged every two days. The traction force 
experiments were performed with cells grown on PDMS micropillar substrate while 
blebbistatin experiments were performed with cells grown on fibronectin micro-
patterns on flat polystyrene surface (as described in chapter 3). For every experiment, 
cells were seeded onto the substrates overnight before imaging. For inhibiting myosin 
II, blebbistatin (stock 100mM in DMSO, Tocris) was added at a final concentration of 
50µM to the sample at least 30 minutes before the start of image acquisition.  
 
4.2.2 Actin and immunofluorescence staining  
Cells were fixed for 15 minutes in 4% paraformaldehyde and permeabilized for 10 
minutes using 0.1% Triton-X-100 in PBS. For visualizing the actin cytoskeleton, the 
fixed and permeabilized cells were incubated with Alexa 488 labelled phalloidin for 30 
minutes. To stain for E-cadherin, cells were fixed and permeabilized in ice cold 
methanol for ~3-5 minutes, blocked in a solution of 3% BSA in 0.1% Triton-X-100 for 
1 hour. The sample was then incubated with mouse primary antibody against E-
cadherin (1:50 in blocking solution) for another hour and finally incubated with 
Alexa488 conjugated goat anti-mouse antibody. Cells were washed with 1x PBS and 
then mounted using Fluorsave (Calbiochem). Images were acquired on a confocal 
microscope (Leica SP5).  
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4.2.3 Design of micropillar array 
PDMS micro-pillar array were utilized to analyse the traction forces exerted by cells on 
the substrate. The design of the micropillar array consists of a large rectangular region 
for cell seeding and connecting strips of micropillars (Figure 4.1A). Micro-pillars used 
were 2 µm in diameter, 4 µm in height with a centre to centre spacing between the 
pillars of 4 µm (Figure 4.1B, C).  PDMS block was placed on the pillars such that it left 
the reservoir open for seeding cells. After cells reached confluence in the reservoir, the 
PDMS block was lifted to allow for cells to migrate onto the strips.  
 
Figure 4.1. (A) Design of micropillar array. Images of micropillars and their 
dimensions seen from top view (B) and side view (C). 
 
4.2.4 Preparation of micropillar array 
To prepare PDMS gel for micropillar experiments, the curer and precursor were mixed 
in a ratio of 1:15. The PDMS gel was degassed in a desiccator for ~30 minutes to 
remove trapped bubbles. PDMS was poured on to silicon moulds and allowed to cure 
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(refer to appendix A2 for characterisation of PDMS elastic modulus). The cured micro-
pillars array was peeled off the mould in absolute alcohol and dried using a critical point 
dryer (Toussimis, Autosamdri®-815) to prevent their collapse. The tips of the micro-
pillars were coated with fibronectin with the micro-contact printing method described 
earlier in chapter 3.2.3 and pluronic F-127 (Sigma Aldrich) were used to prevent non-
specific attachment of cells. 
 
4.2.5 Time lapse video microscopy 
Fluorescent images of the top of the micropillars were collected every 15 min for ~16 
hours on an upright microscope (Zeiss) equipped with an incubation system using a 63x 
water immersion objective and coupled to an electron multiplying charge coupled 
device (EMCCD) camera. Image acquisition were performed with Metamorph® 
software. As the imaging setup requires the 63x objective to be immersed is in direct 
contact with the media and the sample, evaporation of media from the sample and 
temperature fluctuation in the microscopy system was found to be inevitable. This 
results in drifting in the focus over long term imaging. To circumvent this issue, 
software auto-focus (in-built function in Metamorph) was used. In addition, a stack of 
images were taken at different z-plane instead of a single image at every image 
acquisition. 
 
4.2.6 Traction force calculation 
Images were first processed in ImageJ to enhance contrast, subtract background and to 
select the image which is in best focus from a z-stack. Pillar deflections were computed 
from the fluorescent images using a slightly modified custom code described previously 
[90]. Briefly, pillars uncovered by cells were selected manually for determination of 
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the distance between individual pillars. After which, a grid consisting of circular ROIs 
with diameter approximately 1.5 times the diameter of individual micropillars is 
generated across the entire image. The centroid of each micropillar was then computed 
and compared against the centroid of corresponding circular ROI. The micropillar 
deflections by cells were then determined by examining the distance between centroid 
of micropillar and the ROI. Traction force, F, was obtained by using the formulae below: 
F = 𝑘𝛿 =
3𝜋𝐸𝐷4
64𝐿3
𝛿             (4.1) 
where k is the spring constant of the micropillar, E the elastic modulus of the PDMS, 
and D and L the diameter and height of the micropillar respectively and  𝛿 the deflection 
of micropillar tip from its original position. The noise level in the force measurement 
was estimated to be approximately 0.4 nanoNewtons by averaging the forces registered 
in regions not covered by cells. 
 
4.3 Results and discussion 
 
4.3.1 Cell-substrate traction force measurements 
MDCK epithelial cells were seeded onto strips of flexible micropillars with similar 
dimensions as the ones previously described by du Roure et al. [90]. The micropillars 
array was designed to present different lateral widths or external constraints to 
migrating cells. As shown by the scanning electron microscopy (SEM) images (Figure 
4.2) and immunostaining experiments (Figure 4.3), the migrating cells were nicely 
confined to the strips. They are adhered on the top of the micropillars and are able to 
deform the pillars. In addition, no cells were migrating outside of the micropillar arrays 
regardless of the width of the strip (Figure 4.3).  
 








Figure 4.3. MDCK cells migrating on the micropillar arrays of different widths 
stamped with Cy3 labelled fluorescent fibronectin (red) fixed and stained for actin 
(green) and nucleus (blue). Collated image of cells migrating on micropillars (Top). 
Enlarged Image of cells migrating on wide array (Bottom, right) and narrow array of 
micropillars (Bottom, right). 
 
Live-cell video microscopy was used to obtain quantitative values of the traction forces 
exerted by the epithelial cells over time using a custom software as described earlier in 
chapter 4.2.6. The traction force at different distance from leading front, <F>, were 
averaged over at least 3 samples. The average traction force registered in the 400 µm 
wide strips were higher at the leading front (2.27 ± 0.19 nN), decayed rapidly by 50% 
to 1.14 ± 0.12 nN at approximately 100 µm away from the front (Figure 4.4) and were 
randomly oriented in all directions. In comparison, larger traction forces were observed 
at the leading front on the 20 µm wide strips (2.74 ± 0.26 nN). Whereas <F> exhibited 
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a monotonic decay as a function of the distance from the edge in the 400 µm wide strips, 
<F> showed spikes of elevated forces (~2 to 2.5 nN) much further away from the 
leading front (Figure 4.4) which was predominantly directed along the length of the 
strip in the 20 µm strips . 
 
Figure 4.4. Comparison of average traction forces exerted by cells as a function of 
distance from leading front on 400 and 20 µm wide strips.  
 
In an attempt to correlate the traction forces to the differences in migratory patterns 
observed with PIV, the stress within the cell sheet along the length of the strip in the 
400 and 20 µm wide strips was examined. As previously described by Trepat et al. 
[106], the stress, , at a given distance D from the leading edge was obtained 
by summing the traction forces exerted by cells in the x-direction from the leading edge 
up to the distance D according to mechanical equilibrium (Figure 4.5). For a cell to 
move forward, the net cell substrate force should point in the direction opposite to 
migratory direction. And in this case, if every single migrating cell is actively driving 
the collective movement, the cell sheet stress will increase monotonously with 
increasing distance from the edge. Conversely, if the migration of a cell sheet is driven 
by a single “leader cell”, zero net force in the direction opposite to the migration will 
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involves the summation of net forces across the cross sectional area of the cells, we will 
expect both the net traction forces and the cell sheet stress to plateau within a cell width 













Figure 4.5. Schematic diagram illustrating the cell sheet stress σxx(x) computation. 
Average stress σxx(x) is computed by summation of the tractions with increasing 
distance (x) from the leading front. ℎ𝑧 and ℎ𝑦denotes the height of the cell sheet and 
the distance between adjacent micropillar respectively. N denotes the number of pillars 
covered by cells at different distance (x) and D the given distance from the leading edge.  
 
< 𝜎𝑥𝑥 >  increases monotonously for cell sheet migrating on 400 µm wide strips 
(Figure 4.6). This indicated a net force pointing in the direction of positive traction. 
This also indicated that cells several rows behind the leading front were also exerting 
positive traction to drive migration of the cell sheet, in agreement with previous studies 
[90,106]. Interestingly, < 𝜎𝑥𝑥 >  was found to be lower on the 20 µm wide strips 
revealing a decrease in the tensile state of the monolayer for about 30-120 µm away 
from the cell front in highly confined environments (Figure 4.6). Moreover, it reached 
a saturation regime after ~ 100 m whereas the stress from the wide channel kept on 
increasing. This result suggested that not only the magnitude of the forces was affected 
by the physical constraints imposed by the environment but also by their directionality. 
From the previous chapter, it was seen that migration of cells on the 20 µm wide strips 
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involve the contraction-relaxation of cells which involves cell movements in opposite 
directions along the strip. This would in turn generate a pattern of positive and negative 
forces and a net zero force which could explain the saturation of cell sheet stress on the 
20 µm wide strips.  
 
Figure 4.6. Stress within the cell sheet increases with increasing distance for wider 
strips. In the narrower strips, < 𝜎𝑥𝑥 > reaches saturation approximately 100 μm away 
from the leading front. Error bars denote standard errors of mean cell sheet stress at 
different distance from the leading cell front. 
 
Analysis of the temporal evolution of the component of traction forces along the length 
of the channel, Tx was then performed at a defined region in the strip (as the cell sheet 
or stream moved over it) (Figure 4.7). The region was initially set near the leading edge 
of cells. For a single experiment, multiple regions were selected and the evolution of 
forces with time was evaluated to obtain an average traction force profile with time.  
 




Figure 4.7. Image montage showing the overlay of brightfield image of migrating 
cellsheet on fluorescent image of micropillars labelled by Cy-3 fibronectin. Defined 
region is delimited by blue window and the traction force is evaluated as cells passes 
over it. (Scalebar 50 µm). 
 
Distinct differences in the traction force profile was observed between the 400 µm and 
20 µm wide strips (Figure 4.8). The forces driving migration decayed rapidly and 
monotonically with time in the 400 µm wide strips. It decreases from 2 nN at t=0 to 
~0.5 nN at t=200 min and small fluctuations of 0.4 nN were observed thereafter. This 
strongly support the hypothesis that the leading cell edges exerts a larger force, but cells 
farther back are also actively driving migration. Furthermore, the larger cell-substrate 
force in the leading front also supports the observation made in the initial sharp rise in 
cell stress for the migration on 400 µm strips (Figure 4.7). 
Much larger spikes of forces (~1 to 2 nN) were observed with the passage of time in 
the 20 µm strips and significant negative forces were observed after the leading cell 
passes the observation window. The most significant dip in average traction forces 
occurs at approximately 100 minutes after the leading cell passes over the observation 
window and this could correspond to the forces exerted by the rear of the elongated 
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leading cells. One other possibility is that cells farther away were actively engaged in 
alternative contraction and relaxation (or pulling and pushing) type of movements. In 
each cycle of the contraction phase, cells converged at regions behind the migrating 
edge. Consequently, during the relaxation phase, converging cells moves away from 
one another and pushes against the cells in front resulting in the net substrate force, Tx 
pointing in the negative direction. As the contraction and relaxation movements are not 
synchronised for each set of experiments, significant difference in the force are 
registered and this could account for the larger standard deviation in the mean  Tx 
(Figure 4.8). 
 
Figure 4.8. Temporal evolution of Tx (component of traction forces along the length of 
the channel, deflection of pillars opposite to the direction of cell sheet migration is 
considered positive) at a given region in the 400 and 20 µm wide micropillar arrays as 
the cell sheet migrates over it. The deflections of micropillars in a small window, 
initially at the cell edge, are tracked over time. 
 
4.3.2 Role of acto-myosin contractility in regulating migratory mode 
From the previous section, it is clear that the geometrical confinement imposed on 
migrating cell sheet can alter traction force signatures. The different migration modes 
could also be related to the relative forces that cells exert on their neighbours through 
acto-myosin mediated contractility. In order to test this hypothesis, blebbistatin is 
introduced to epithelial monolayer migrating on strips of different width (the same in-
vitro assay described in chapter 3). Blebbistatin is an inhibitor of myosin II mediated 
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contractility and has been shown to lower the affinity of myosin and actin. Migration 
of cell sheets on strips of different widths in the presence of 50 M blebbistatin exhibit 
distinct differences in cell morphologies and velocity signatures within the cell sheet. 
Morphologically, cells appeared larger and of more uniform density (1 to 2 cells/ 1000 
µm2 on 400, 100 and 20 µm wide strips) (Figure 4.9). Actin stress fibres are indication 
of cytoskeletal tension and have been reported to be important for cell motility. In the 
presence of blebbistatin, actin stress fibres, present in the wild type cells (Figure 3.7), 
were disrupted and suggested that tension maintained in individual cells was abolished 
(Figure 4.10).  
 
Figure 4.9. Uniform cell density across strips of different widths and at different 
distance away from cell sheet edge. 
 
The integrity of E-cadherin mediated cell-cell junction is affected by cytoskeletal 
tension, and cell-cell junction is essential for maintaining directed migration of 
epithelial cells. Hence, E-cadherin immunofluorescence staining was performed to 









Figure 4.10. Staining with phalloidin showing disrupted actin stress fibres in 
blebbistatin-treated MDCK cells. (Scale bar 20 μm). 
 
 
Figure 4.11. Staining for E-cadherin at the leading front (Left) and far away from the 
leading front (Right) in blebbistatin-treated MDCK cells migrating on 400-μmwide 
(Top) and 20-μm wide strips of fibronectin (Bottom). (Scale bar 20 μm). 
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Interestingly, in the abolishment of myosin II-mediated contractility, cells moved in a 
streamlined and directed fashion independently of the width of the strips. The different 
migration patterns seen with the wild type cells are totally absent when acto-myosin 
contractility is inhibited with blebbistatin. This translate to a relatively consistent cell 
front velocity. The average velocity of the migrating cell front was 31.7 ± 3.4 µm/hr on 
400 µm wide strips, 33.6 ± 5.9 µm/hr on 100 µm wide strips and 33.4 ± 7.2 µm/hr on 
the 20 µm wide strips (Figure 4.12). In contrast to the wild type cells (Figure 3.9), In 
comparison to wild type cells, blebbistatin treated cells on wider strip have a higher cell 
front velocity but a lower cell velocity on narrower strip. This further suggest that 
contractility is more important for epithelial cell sheet migration on narrower strip, but 
retards collective effort of cells to progress on wider strip. 
  
Figure 4.12. Velocity of the cell front on strips of different widths for MDCK cells 
after blebbistatin treatment. 
 
Apart from the average cell front progression, PIV analysis further showed that the 
individual cells in the monolayer were moving at approximately the same velocity. 
Local velocity vectors were represented in the form of heatmap and a stark difference 
in the velocity field could be seen. First of all, a more homogenous distribution of 
velocity fields in both wide and narrow strips than wild type cells (Figure 4.13, left 
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panel). Secondly, the average velocity fields were also predominantly positive 
suggesting that most of the individual cells were migrating together along the direction 
of the migrating cell sheet. Under blebbistatin treatment, the formation of vortices in 
the wide strips as well as the migration in a “caterpillar” fashion in the narrow ones 
disappeared (Figure 4.13, middle and right panel) and qualitatively, it appeared that all 
the velocity vectors are highly oriented and aligned. 
 
 
Figure 4.13. Particle image velocimetry analysis of migrating epithelial sheets on wide, 
intermediate and narrow strips of fibronectin after blebbistatin treatment. Heat map 
showing typical spatial distribution of the velocity fields at a given instant (left panel) 
along 400 µm wide (top panel), 100 µm (middle panel) and 20 µm wide strips (bottom 
panel). Blebbistatin treated cells show less heterogeneity in velocity fields. Direction 
of velocity fields (middle panel) show abrogation of vortex formation in 400 µm wide 
(top), 100 µm wide (middle) and 20 µm wide (bottom) strips. Magnified views of region 
delimited by green boxes (right panels). 
 
To quantify the differences in migratory directionality after blebbistatin treatment, we 
examined the order parameter from the velocity fields obtained through PIV. Compared 
to the wild-type cells, order parameter in blebbistatin treated cells showed a constant 
value (~0.9) independent of the width of the strip, while an decreasing order parameter 
was seen with increasing width of strips for the wild type cells (Figure 4.14).  
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Vortex formation is one of the key observations during epithelial cell migration on the 
wide strip. We hypothesized that increased alignment of velocity vector is accompanied 
with decrease in vortex formation after blebbistatin treatment. The curl of the velocity 
vectors provided an estimate on the degree of rotational movements (angular velocity). 
As expected, a significantly higher angular velocity is observed in the wild type cells 
compared to the blebbistatin treated cells (Figure 4.15). In blebbistatin treated cells, 
mean angular velocity decreased by ~ 50% from 0.21 rad/hr to 0.1 rad/hr (Figure 4.16A) 
and the histogram of angular velocities shifted closer to zero (Figure 4.16B).  
 
Figure 4.14. Average order parameter of the velocity vectors decreases with increasing 
width of the strip in wild type MDCK cells. Treatment with blebbistatin abolishes the 
width dependence of the order parameter resulting in a constant value across all strips. 
Error bars denote standard errors of mean order parameter for both the wild type and 
blebbistatin treated cells. Black and red dashed lines are given as guides to depict the 





Figure 4.15. Spatial distribution of angular velocity (rad/hr) in the wide strips in the 
untreated (Top) and blebbistatin-treated (Bottom) cells.  
 






Figure 4.16. (A) Magnitude of the mean angular velocity decreases by 50% in cells 
treated with blebbistatin. (B) Frequency histogram of angular velocity profile shows a 
shift toward zero in the presence of blebbistatin. Inset shows magnified distribution of 
the tail region of the histogram. 
 
4.3 Conclusion  
In this chapter, the effect of external ECM constraints on the traction force profile and 
the role of cell contractility in epithelial collective migration was investigated. Results 
from the traction force experiments showed that average traction force and stress profile 
registered by cells under external constraints differed greatly but coincided with the 
observations of a switch in epithelial cell migration from a contraction-elongation 
mechanism to the extension of a cell sheet on narrow and wide fibronectin strips, 









Figure 4.17. Cartoon depicting the movement of cells on wide (Right) and narrow (Left) 
strips on flat substrates (Upper) and micropillar arrays (Lower). 
 
The different traction profiles were related to the differences in relative forces 
individual migrating cells exerted on their neighbours and were mediated by acto-
myosin based contractility. This is evident from the fact that various migratory patterns, 
such as the formation of vortices, as seen with the wild type cells were totally eliminated 
upon introduction of blebbistatin. These observations led to the following prediction: 
blebbistatin treated cells maintain their contact with their neighbours due to strong 
adhesive steering mechanism [169] as confirmed by E-cadherin immunostaining. 
However, individual cells are not able to exert active traction forces through these cell-
cell contacts (Figure 4.18). Consequently, the characteristic length scale that 
corresponds to long-range cooperative movements under normal conditions (as seen 
with the wild type cells) appears much larger under the inhibition of myosin II. PIV 
analysis showed that the predominately all the velocity vectors are aligned and directed 
towards the migratory direction. The internal dynamics within the monolayer that leads 
to the formation of vortices or a mechanism of contraction-elongation along the cell 
 
Chapter 4: Role of cellular contractility in epithelial migratory pattern formation 
79 
 
sheet under various geometrical constraints seems to be driven by actomyosin-based 
friction forces in agreement with Tambe et al [38].  
 
  
Figure 4.18. Cartoon depicting frictional forces (as viewed from the Top, Left) and 
cohesive forces (cross-sectional view, Right) between a pair of neighbouring cells. 
Frictional forces induce reorganization and formation of vortices within the cell sheet. 
Addition of blebbistatin results in abrogation of the frictional forces, but not the 
cohesive forces resulting in a streamlined migration of the cell sheet without any vortex 
formation. 
 
Forces that individual cells exert on their neighbours are transmitted across the entire 
cell sheet adhesive junctions between one another. They are essential for cell-cell 
coordination and when these intercellular interactions are comprised, we will expect a 
different migratory phenotype. In the subsequent chapter, we will examine how 
migration of cells under ECM geometrical constraints is altered among epithelial cells 
when intercellular adhesions are comprised and mesenchymal cells which inherently 





Chapter 5: Role of cell-cell junction in collective migration 
80 
 
Chapter 5: Role of cell-cell junctions in collective migration 
 
5.1 Introduction and objectives 
Cells in migrating epithelial monolayer are mechanically coupled both to neighbouring 
cells and the ECM. Cell-cell junction proteins such as E-cadherins and their linkage to 
actin cytoskeleton through various cytoplasmic adaptor molecules (e.g. α-catenin) are 
crucial in maintaining the cohesiveness and physical integrity of epithelial cell sheets 
[170,171] as well as coordinated cellular migration. When these adhesive cell junctions 
are compromised, epithelial cells loses their directionality and even cease to migrate 
directionally. Nevertheless, in certain circumstances such as Epithelial-Mesenchymal 
Transition (EMT), epithelial cells loses cell-cell adhesion and acquire more migratory 
mesenchymal phenotypes to escape the confinement imposed by the physical 
microenvironment [67,75]. Mesenchymal cells do not interact strongly with one 
another and preferentially migrate as individual cells.  
The migration of mesenchymal cells such as fibroblasts is a topic of significant interest 
because of its direct implications in numerous physiological and pathological condition 
such as the re-epithelialization of wounds [7] and metastasis of tumour cells during 
cancer progression [172]. Although some argued that collective migration of cells 
pertains only to epithelial or epithelial-like cell sheet migration [4], “collective cell 
migration” is originally coined to describe the behaviour of Dictyostelium discoideum 
which are single cell organism and do not form adhesive connections with one another 
[173]. The broad definition of collective migration encompasses both the hallmarks of 
epithelial-like cell migration and the movements of loosely or closely associated group 
of cells [49]. Some examples include neural crest cells migrating as streams during 
embryogenesis [49,113,115], migration of neurons in the rostral migratory stream [174] 
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and fibroblasts migration towards wound site in tissue repair. In the initial stages of 
tissue repair, fibroblasts proliferate rapidly, migrate together towards the injury site and 
accumulate there to lay down new collagen matrix [6].  
What is yet unclear is whether ECM geometries or confinement alone can effectively 
direct migration of epithelial cells in the absence of intact intercellular junction and 
whether the effects of ECM confinements are recapitulated among mesenchymal cells. 
In this chapter, we set forth to investigate the effect of ECM boundaries on the 
migratory characteristics of MDCK epithelial cells which are unable to form stable cell-
cell adhesions. Furthermore, their migration will be compared against the migration of 
mesenchymal cells to further ascertain if the effects of ECM confinement can generate 
different migratory patterns among cells in the absence of stable intercellular junctions.  
 
5.2 Experimental methods and design 
 
5.2.1 Cell culture and reagents 
Wild type MDCK cells, α-catenin knocked down MDCK cells and NIH 3T3 fibroblasts 
were used in the experiments. The α-catenin knocked down MDCK cells were a kind 
gift from James Nelson’s lab (Stanford University). They were maintained in DMEM 
(Sigma) supplemented with 10% FBS (Hyclone) and 1% penicillin and streptomycin. 
The cells were passaged every two days. For every experiment, cells were seeded onto 
the patterned substrates overnight before imaging. To chelate calcium, calcium free 
DMEM (Sigma) were supplemented with 10% FBS (Hyclone), 1% penicillin and 
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5.2.2 Actin and immunofluorescence staining  
The same protocol as previously described in chapter 4.2.2 and 3.2.2 was used for 
preparing cells for visualization of the actin cytoskeleton. 
 
5.2.3 Time lapse video microscopy 
Cell migration experiments were performed on a microscope equipped with 
temperature, humidity and CO2 control (Olympus IX81) for live imaging. For some of 
the experiments, image acquisition was performed on a BiostationTM microscope 
(Nikon). Phase contrast images were acquired every 4 minutes using a 10x objective. 
Acquisitions were typically obtained over a period of 24 hours.  
 
5.2.4 Quantitative analysis 
Particle image velocimetry (PIV) was implemented in MATLAB to determine the 
velocity field, average velocity and order parameters were calculated form the velocity 
vectors. Centroid of at least 20 cells was tracked manually and was used to compute the 
mean square distance displacement. For the computation of persistence time, mean 
squared displacement data (MSD) were fitted to the equation: 
     < 𝑑2 >= 2𝑆2Ƭ𝑝(𝑡 − Ƭ𝑝(1 − 𝑒
−
𝑡
Ƭ𝑝)                                   (5.1)  
where Ƭ𝑝 and S denotes the persistence time and root-mean-square speed respectively 
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5.3 Results and discussion 
 
5.3.1 Migration of epithelial cells with weak intercellular junctions 
In order to assess the importance of cell-cell adhesion for coordinated collective 
migration, we examined the migration of MDCK cells in which α-catenin has been 
stably knocked down and hence cannot form stable intercellular contacts through E-
cadherins [170] (Figure 5.1). The depletion of α-catenin in MDCK cells increases their 
migration rate by approximately 50% [175]. However, as intercellular adhesions are 
responsible for redirects collective migration in an epithelium, several phenomena were 
observed for their migration on fibronectin strips.  
 
 
Figure 5.1. Migration of α-catenin knocked down MDCK cells on fibronectin strips of 
(A) 400 µm and (B) 20 µm. Blue arrow points to the region of the strips with aligned 
cells. (Scalebar 100 µm). 
 
First of all, these cells migrated in a highly uncoordinated and random fashion leading 
to significantly lower migration velocity (~13 µm/hr across fibronectin strips of all 
widths) of the overall cell front compared to normal MDCK cells (Figure 5.2). While 
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(or increased confinement), there was no width dependence among the the α-catenin 
knocked down cells. This is akin to the migration of blebbistatin treated cells.  
 
Figure 5.2. Velocity of the cell front on strips of different widths for the wild type 
MDCK cells (■), MDCK cells after blebbistatin treatment (■), and MDCK cells with 
alpha catenin stably knocked down (■).Error bars denote standard errors of mean cell 
front velocity of the wild type, blebbistatin treated and alpha catenin knocked down 
MDCK cells. Dashed lines are guides for cell front velocity. 
 
Secondly, cells adjacent to the side of the wide strips (“edge cells”) and cells in the 
narrow strips were much more aligned to the length of the fibronectin strip than those 
farther away. It is known that MDCK cells migrate very little and randomly as single 
cell as well as small clusters. Directional migration only follows after a ‘threshold-
density’ is attained [176]. Hence, in the case of α-catenin knock down cells, the 
increased cell alignment among “edge cells” have little effect on the overall progression 
of the epithelium. 
A similar migratory behaviour was also observed in low calcium medium where 
adherens junctions were destabilized. Although the chelation of extracellular calcium 
affect many different other aspects of cellular functions apart from the integrity of 
intercellular contact, it was demonstrated that under such circumstances, intercellular 
stress within a migrating monolayer reduces to zero and the physical integrity of 
intercellular adhesion is lost [107]. Furthermore, the ensuing velocity of the wild type 
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cells under low extracellular calcium environment reduces almost to zero.  
Taken together, these results show that intercellular transmission of mechanical signals 
across many cells is crucial for long-range interactions within the monolayer and the 
development of epithelial cell migratory patterns (such as vortices in the wide strips 
and contraction-relaxation patterns in the narrow strips). The absence of either 
intercellular adhesions, as shown here, or cell contractility (as shown in chapter 4) alter 
the overall organisation of migrating epithelial tissue.  
 
5.3.2 Effects of ECM constraints on fibroblast migration 
As observed with the MDCK epithelial cells in chapter 3 and 4, the removal of PDMS 
barrier generated free space and allowed cell migration along the strips (Figure 5.3, 
Figure 5.4). To probe the “collectiveness” of 3T3 fibroblasts migration and the effect 
of ECM constraints on mesenchymal cell migration patterns, a systematic analysis on 
the orientation, kinematics and morphology of migrating cells at different spatial 
locations was performed. 
  
Figure 5.3. Schematic showing 3T3 fibroblasts migration on fibronectin strips with 
different lateral widths. The cells were allowed to migrate onto the strips upon removal 
of the PDMS barrier. 
 




Figure 5.4. Montage of phase contrast images depicting fibroblast migration on 
fibronectin strips (red) of 400 μm (left)  to 20 μm (right). (Scale bar 100 μm)  
 
 
5.3.2.1 Morphologies of migrating fibroblasts on wide fibronectin 
strips 
On the wider strips (400µm and 200µm), cells in the centre region of the fibronectin 
strips were sparsely distributed, randomly oriented and exhibited morphologies typical 
of fibroblasts on a 2-D surface. In contrast, cells adjacent to the sides of the strips 
preferentially oriented themselves along the long axis of the pattern and took on a 
spindle-shaped morphology. Visualisation of the actin distribution further verified the 
morphological differences, cell polarities and possibly different cell states [21] in 
accordance to their spatial position on the fibronectin strip. Cells situated near the centre 
of the fibronectin strips have multiple lamellipodia protrusions, and randomly aligned 
stress fibres. In contrast, cells close to the lateral edges were elongated and developed 
highly aligned stress fibres along the length of the fibronectin strip (Figure 5.5).  
 





Figure 5.5. (A) Actin staining of 3T3 cells migrating on wide fibronectin strips. Cells 
in the centre of the strip had no preferred orientation while cells adjacent to the side of 
the strips were aligned and oriented along the length of the strip as indicated by the 
orientation of the stress fibres. (Scale bar, 100 μm). Magnified views of region 
delimited by red and blue boxes show typical morphology of cells (B) at the edge and 
(C) centre of fibronectin strip respectively. (Scale bar 20 μm). 
 
5.3.2.2 Kinematics of migrating fibroblasts on wide fibronectin strips 
We then asked whether the difference in cell morphology and orientation is 
accompanied by differences in migratory characteristics. Using Particle Image 
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fibroblasts was computed. Two interesting phenomena were observed. Firstly, velocity 
profile of cells close to the lateral edge of the fibronectin strip (within 50 µm) was very 
similar. For consistency, we will refer the migrating fibroblasts within 50 µm away 
from the lateral edges of the wide fibronectin strips as “edge cells” and those farther 
away as “centre cells”. Secondly, average cell velocity was observed to decrease with 
increasing distance from the lateral edges of the fibronectin strips (Figure 5.6A). Highly 
aligned and polarised edge cells migrated at approximately twice the speed as the non-
polarised centre cells. Concomitantly, velocity vectors of the edge cells exhibited higher 
“orderliness” and alignment along the length of the fibronectin strip as reflected in the 
monotonous decrease in order parameter of the velocity vectors with increasing 
distance from the edge (Figure 5.6B). In this case, the order parameter was taken to be 
absolute value of the cosine of the angle that individual velocity vector makes with the 
length of the fibronectin strip. This result is strikingly similar to observations made on 
collective migration of MDCK epithelial cells along fibronectin patterns of definite 
widths, as described in the previous chapter [91], where epithelial cells nearer the edge 
migrated more rapidly on average than those farther away.   
 
  
Figure 5.6. (A) Average speed of cells and (B) average order parameter of cells along 
strip length at different distances from the lateral edge. 
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Earlier experiments performed on migrating NRK fibroblasts demonstrated that they 
exhibited a correlation length of  approximately 50 μm, which is equivalent to length 
of two cell body [152]. This implied that two adjacent fibroblastic cells can coordinate 
movements of each other. Coordinated movement between cells is a key criterion for 
“collective cell migration” and if the migrating cells exhibit “collectiveness” or 
“cooperative behaviour”, we would expect a general direction of persistent migration 
and individual migratory tracks should correlate with the overall migratory direction of 
the group. Henceforth, we examined the spatial relationship between the migrating 
fibroblasts by tracking the location of individual cells over time (Figure 5.7).  
 
Figure 5.7. Displacement tracks of individual cells overlay onto phase contrast image 
of fibroblast migrating on 400 µm wide fibronectin strips. (Scale bar, 100 μm). 
 
2D and 3D plots showing cell displacements (with initial positions of cells were shifted 
to the origin) were plotted over the time course of 6 hours (Fig 5.8). From these plots, 
it was clear that edge cells presented displacement tracks with a general direction of 
persistent migration. Displacement tracks of edge cells in 3D were seen to be 
monotonously progressing along the y-axis, with minimal cell displacement in the 
negative y-direction (Fig 5.8A). When cell tracks over entire 6 hours were projected 
onto the x-y plane, majority of the tracks were observed to overlap onto one another, 
Y 
X 
Displacement tracks of 
migrating cells 
 
Chapter 5: Role of cell-cell junction in collective migration 
90 
 
further suggesting that cells were following similar paths in migration or 
“collectiveness” in migration (Fig 5.8B). This is consistent with the results from PIV 
analysis which showed that the velocity vectors of migrating fibroblasts are aligned to 
the long axis of the fibronectin pattern. However, several key differences were observed 
in the cell tracks of the centre cells. They exhibited random migration and lack a general 
migratory directionality (Fig 5.8C). Individual cells within the centre of the wide 
fibronectin strips were each seen to prescribe a haphazard path over the entire 6 hours 
viewing window. Projection of the cell tracks on x-y plane further manifested the 
uncoordinated and unidirectional displacement tracks of individual cells (Fig 5.8D). 
 
Figure 5.8. 3D plot of cell tracks with the starting points shifted to the origin for (A) 
edge cells and (C) centre cells. 2D plot of cell tracks with the starting points shifted to 
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Their mean squared displacement and persistence time were both computed to 
determine and ascertain the directionality and persistence of cell movement [177]. 
Mean squared displacement (MSD) is a parameter commonly used in statistical 
mechanics to measure the spatial extent of “randomness” and quantify directionality of 
cell migration [178,179], whereas persistence time can be defined as the average time 
period in which the cell moves in a single direction.  
From the mean squared displacement data, we noticed that edge cells migrate in a 
highly ordered fashion, exhibiting more persistent and faster movements than those 
farther away. Average persistence time among the edge cells was also approximately 
four times higher than the centre cells (Fig 5.9). 
 
Figure 5.9. Persistence time of cell movement for edge cells and centre cells. 
 
Furthermore, qualitative assessment of the time-lapse videos showed that the average 
cell density is consistently much higher nearer the lateral edge compared to the centre 
of the fibronectin strip. We speculate that the observed phenomena is analogous to the 
packing of streamlines in fluid flow, where higher velocity is associated with closer 
packing of streamlines. In the case of laminar fluid flow in a straight channel, highest 
velocity is situated at the centre of the channel. This is because interaction of fluid with 
the wall of the channel results in resistance of fluid flow (friction) and zero flow 
velocity (Figure 5.10 A). In the case of cell migration, the presence of an edge induces 
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polarization of cells adjacent to the edge while the transient interaction established 
between migrating fibroblasts assist in the alignment of neighbouring cells along the 
length of the channel. In addition, these cells migrate coherently in the same direction 
to minimize shear stress or friction at the transient cell-cell junction [150], and this in 
turn promotes higher migratory velocity among the edge cells (Figure 5.10B).  
 
Figure 5.10. Velocity profile in (A) laminar flow of fluid in a channel and (B) migration 
of cells on a fibronectin strip of finite width. 
 
Together, it appeared that the migratory behaviour of fibroblasts on wide fibronectin 
strips manifested two regimes depending on spatial positions and distances from the 
lateral edge. Although cells on the wider fibronectin strips were presented with a 2D 
topography, the morphology and migratory behaviour of cells adjacent to the edge of 
the strip are reminiscent of migrating cells on 1D track.  Henceforth, we should expect 
all cells migrating on fibronectin strips of narrow lateral dimension to be very much 
aligned and rapid, while fibroblasts migrating over free space without any lateral 
confinement would be very much randomly aligned and slow. To verify this hypothesis, 
we examined the migratory behaviour and morphological differences of migrating 
fibroblasts along the narrower fibronectin strips and on free space upon  the removal of 
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5.3.2.3 Effect of ECM boundaries on migrating fibroblasts 
Migration of cells along narrower fibronectin strips (100 µm to 20 µm) and their 
migration on free space were examined to ascertain our earlier observations and 
hypotheses. Since all cells on the narrower strips are within 50 µm from the edge, we 
would expect them to be influenced by the presence of ECM boundaries and thus not 
differentiate them in terms of their spatial positions.  
Cells migrating on the narrow strips (20 µm, 30 µm) exhibited spindle-shaped 
morphology with stress fibres aligned along long axis of the strip, typical of fibroblast 
on 1D ECM topography (Figure 5.11).  
 
Figure 5.11. Actin staining of 3T3 cells migrating on narrow fibronectin strips. (Scale 
bar 100 µm) 
 
They participated in rapid 1D migration, similar to the observations described by Doyle 
and colleagues [21]. As expected, closely spaced fibroblasts migrating on fibronectin 
strips of widths from ~50 to 100 μm appeared to be influenced by the presence of the 
ECM boundaries too. Their velocity vectors were much more aligned along the long 
axis of the fibronectin strip than that on the wide fibronectin strips (Figure 5.12A). 
Single cells were tracked to identify potential spatial relations in individual cell 
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movement and the persistence of their movements. As expected, under the influence of 
ECM boundaries, the migrating fibroblasts exhibited persistent migration. Similar to 
the edge cells migrating on wide patterns, average persistence time of migrating cells 
on the narrower strips were approximately 160 minutes (Figure 5.12B). Moreover, the 
overall migration of the fibroblast was directed towards free space. Minority of the cells 
were seen to be migrating in the opposite direction of the free space. However this 
occurred mostly after cell division where the daughter cells align themselves along the 
long axis of the fibronectin strips but migrate in opposite directions.  
 
 
Figure 5.12. (A) Average order parameter of cells in the centre of strip decreases with 
increasing width of the fibronectin strip. (B) Persistence time of cell movement for 
migrating fibroblasts in response to model wound and on fibronectin patterns of 
different width (20 µm to 100 µm). 
 
Migration of cells on 2D free surface was performed using the model wound assay  [60]. 
Cells were initially seeded on non-patterned fibronectin coated surface beside a PDMS 
slab. When confluence was attained, the PDMS slab was gently removed to trigger 2D 
migration of fibroblasts. Unlike epithelial cells, the induction of free space did not 
trigger a monotonous flux of migrating cells towards the free space. Instead, their 
migration exhibited little persistence and were not always directed towards free space. 
In this case, the non-confined fibroblast predominately followed a zig-zag migration 
path leading to a significantly lower persistence time (approximately 20 minutes). 
B A 
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Fibroblasts within the monolayer constantly rearranged themselves dynamically, 
creating and closing transient free spaces in the monolayer. Actin staining showed that 
majority of the migrating cells developed multiple lamellipodia protrusions and was 
non polarised (Figure 5.13). Relatively uniform cell density was observed across the 
monolayer and the cells do not exhibit tendency to aggregate at specific region, as 
opposed to cells migrating along fibronectin strips of finite widths. Henceforth, it is 
clear that in the absence of geometrical cues from the ECM, the migration of fibroblasts 
are non-persistent, random, and exhibit little coordination.  
 
Figure 5.13. Actin staining of 3T3 cells migrating over free space. Cells were initially 
seeded to confluence beside a PDMS slab (on the left). Removal of the slab allows cells 
to migrate, from the right to the left, over free space. (Scale bar, 100 µm) 
 
5.4 Conclusions 
In this chapter, the role of cell-cell adhesions in “collectiveness” of cell migration and 
the formation of cell migration patterns was examined. Intercellular adhesion of MDCK 
epithelial cells were disrupted by knocking down of α-catenin and chelation of calcium 
ions. Results showed that the different modes of collective epithelial migration are 
indeed altered by changes in the dynamics of mechanical interactions mediated by 
intercellular adhesion since MDCK cells with α-catenin stably knocked down exhibit 
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highly altered collective dynamics. Highly coordinated movements as seen among the 
wild type cells were totally absent when intercellular adhesion were compromised. 
Instead, they migrated randomly as individual cells. Overall cell front of the cell sheet 
progressed much slowly and was independent of the width of the strip.  
The migration of 3T3 fibroblasts was equally examined to further ascertain the 
importance of cell-cell adhesions in the formation of coordinated migratory patterns 
among fibroblastic cells. Results showed that individual and non-cohesive migration 
may perhaps be the dominant and preferred mode of fibroblastic or mesenchymal cells, 
but it may also participate in orderly and collective migration under certain 
circumstances. Emerging evidences from the morphologies and migratory behaviours 
of the cells suggested that the presence of ECM boundaries or aligned ECM is sufficient 
to promote cell alignment and packing during “confined” migration [180]. The close 
packing of the fibroblasts could potentially increase the physical cell-cell interactions, 
which in turn foster cooperativeness in the migration of mesenchymal cells. 
Nevertheless, a much shorter characteristic length scale of cell-cell coordination was 
seen for 3T3 fibroblasts (2 or 3 cell length) as compared to that of wild type MDCK 
epithelial cells (up to approximately 10 cell length) but a more coordinated movements 
than α-catenin knocked down MDCK cells. This highlight the possibility that enhanced 
cell-cell interaction of fibroblasts could increase their migratory efficiency through 
increased cell-cell cooperativeness. Further experiments could be performed to probe 
if this lengthscale of cell-cell cooperativeness can be adjusted.
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Chapter 6: Role of ECM confinement on collective motion 
 
6.1 Introduction and objectives 
Collective synchronized migration of cells are altered by the presence of ECM 
constraints during their migration both on “free” space and during the reorganisation of 
cells in the absence of apparent “free” space. The reorganisation of cells in the absence 
of free space have been observed in breast epithelial cells growing within 3D collagen 
matrices [181]. They undergo a phenomenon termed ‘coherent angular motion’ (CAM) 
in which these epithelial cells in 3D collagen gels exhibit synchronized collective 
rotation. In fact, CAM has been proposed to play an important role in determining the 
formation of acini and ducts in glandular tissue, tissue polarity and embryogenesis [181]. 
Interestingly, CAM was not observed in cancerous cells and cells incubated with 
function blocking antibodies against E-cadherin suggesting that intercellular adhesion 
is important in regulating such rotation. Furthermore, studies also suggest that 
collective synchronized migration of cells is also regulated by the intrinsic chirality of 
cell types and might play an important role in determining left-right symmetry during 
organogenesis [55]. These information strongly suggest the relevance of the study of 
collective motion of cells within confined ECM space. However, at the same time, there 
is a lack of systematic and comprehensive evaluation of the major factors influencing 
collective cell behaviour in these circumstances. 
In the previous chapters, it was seen that various migratory patterns can be exhibited 
by epithelial cell sheet during their migration onto free space. The emergence of such 
patterns required transmission of forces through intercellular contacts. And these 
factors would be equally important in the synchronized reorganisation of epithelial cells 
confined by ECM. To verify this hypothesis, a combination of experimental techniques 
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that include micro-fabrication techniques and particle image velocimetry (PIV) are used 
to characterize the influence of geometrical constraints and intercellular adhesion on 
collective behaviour of MDCK epithelial cell sheets. 
 
6.2 Experimental methods and design 
 
6.2.1 Cell Culture 
Wild-type MDCK cells and MDA-MB-231 cells were maintained in DMEM (Hyclone) 
supplemented with 10% FBS (Hyclone) and 1% penicillin and streptomycin. MDCK 
cells stably overexpressing the transcription factor Snail-1 (MDCK-S1) were kindly 
provided by Dr. Amparo Cano (IIB, CSIC-UAM, Spain). MCF-7 cells were maintained 
in RPMI media and MCF-10A cells were maintained in MEBM (Clonetics), both 
containing 10% FBS (Hyclone) and 1% penicillin and streptomycin. The cells were 
passaged every two days. For every experiment, cells were seeded onto the ECM 
micropatterns overnight. They were then incubated for 1 hour in 20 µg/ml of DAPI 
(Sigma) in culture medium, washed and imaged. 
 
6.2.2 Time lapse microscopy 
Image acquisitions were performed on a BiostationTM (Nikon) microscope for ~48 
hours. Light intensity and exposure time were set to the minimum on the system. No 
toxicity of the cells was observed, and there was no decrease of cells speed due to 
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6.2.3 Image analysis and quantitative analysis 
Particle image velocimetry (PIV) was implemented in MATLAB using MatPIV 
package as described in chapter 3. Images were subdivided into 32x32 pixel 
interrogation windows for ECM circles equal or greater than 200 µm. For the 100 µm 
diameter patterns, an interrogation window of 16x16 pixels was used to increase the 
number of velocity vectors computed. Density was computed by manually counting the 
DAPI labeled nuclei. The nuclei tracking data was collected using the MTrackJ plugin 
for ImageJ. 
 
6.2.4 Design of experiment 
Micro-contact printing techniques (refer to chapter 3.2.3) was used to generate the well-
defined circular micropatterns of 100 µm, 200 µm, 500 µm, and 1000 µm on 
polydimethylsiloxane (PDMS) coated plastic petridishes.  
PDMS stamps containing raised circular features of varying diameters were incubated 
with a solution of fibronectin (50 µg/ml, Sigma) mixed with a small amount of Cy3 
conjugated fibronectin for ~ 1hr, washed and air dried. A thin layer of PDMS was spin 
coated over a 35 mm plastic petridish and cured at 80oC for 2 hrs. The petri dishes were 
exposed to UV for ~30 minutes to activate the surface. The dried stamps were then 
gently pressed against the activated PDMS surface to transfer the fibronectin. Pattern 
transfer was confirmed using fluorescence microscopy. Regions outside the patterns 
were blocked with 0.2% Pluronic F-127 (Sigma) for 30 minutes and washed with PBS 
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6.3 Results and discussion 
 
6.3.1 Synchronized and collective rotation of MDCK cells on circular 
micropattern after reaching a critical density  
Previous studies on collective behaviours of various systems including passive physical 
interactions or active matter have established that the density of constituent elements is 
a key regulator of the emergence of large scale correlated migration patterns 
[162,166,167]. Hence, the first task is to investigate how cell density regulate the 
emergence of collective behaviour in MDCK cells.  
To do so, cells were seeded at very low density (~800 cells/ mm2) on microcontact 
printed (µCP) circular fibronectin patterns that were ~200 µm in diameter. Phase 
contrast images, as well as fluorescent images, of the nuclei were obtained for ~48 
hours until cells reached very high densities (~10,000 cells/mm2). The time-lapsed 
videos were only analysed up to a density of 6,000 cells/mm2 because at higher densities 
MDCK cells began to grow over one another and that introduces inaccuracies in the 
PIV analysis.  
The fibronectin patterns restricted cells from migrating out of the field of view, making 
it easier to image and analyse the migration characteristics. Under these conditions, 
with increasing cell density, distinct phases of cell migration behaviour were observed. 
At very low densities (below confluence), cells were distributed sparsely as single cells 
or small clusters and had a tendency to migrate randomly (Figure. 6.1A). Immediately 
after confluence, cells migrated in a synchronized and collectively rotating pattern, as 
a rotating solid-body (Figure. 6.1B). At higher cell densities, collective rotation 
behaviour persisted but the average velocity of the cells decreased (Figure.6.1C).  
 
 




Figure 6.1 MDCK cells seeded on circular fibronectin patterns of 200 µm in diameter 
and analysed using particle image velocimetry (PIV). Red arrows represent the 
magnitude and direction of local velocity fields (A) cells in sub-confluent state (B) cells 
reaching confluence at ~ 2000 cells/mm2 (C) cells at very high density of ~ 4000 
cells/mm2 (Scale bar 50 µm).  
 
The synchronized and persistent rotation was highly reminiscent of CAM described in 
breast epithelial cells growing in 3D collagen gels [181]. We used PIV for quantitative 
characterization of these phases [152]. The spatial average of all the velocity vectors 
within the fibronectin pattern (Vavg = <|Vi|>) was plotted as a function of cell density 
(Figure. 6.2A). We divided the evolution of the migratory characteristics into three 
phases based on this plot (Figure. 6.2A).  
The first or sub-confluent phase, when cell density is < 2000 cells/ mm2, was 
characterized by a low Vavg and uncorrelated velocity vectors. The second phase, 
characterized by the onset of collective synchronized rotation of cells and high Vavg 
(~25 µm/hr), was triggered when a critical density of ~2000 cells/mm2 is reached. In 
the third or over-confluent phase, cell densities reach values > 4000 cells/mm2 and Vavg 
falls below approximately half its maximum value.  
These three phases are not unique to cells grown on circular micro patterns and have 
been described previously in the context of scratch wound assays [176] and large 
expanding cell sheets [157]. For example, single as well as small islands of MDCK 
cells migrate very little and tend to expand primarily as a result of proliferation. 
Collective migration of the monolayer ensues only after a ‘threshold-density’ is reached 
A B C 
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[176]. Interestingly, the ‘threshold-density’ reported for monolayer migration is similar 
to the density at which cells undergo collective rotation on circular patterns (~2000 
cells/mm2). Furthermore, a decrease in the Vavg to approximately half of its maximum 
at cell densities > 4000 cells/mm2 have been observed in expanding MDCK cell sheets 
and coincided with their transition into a ‘glassy’ phase and the inhibition of 
lamellipodia protrusion [157]. The decrease in the average velocity with increasing 
density can be modelled as a balance between cell traction forces exerted through 
lamellipodia (Ftract) and frictional forces between the cell and substrate (Ffric).  
This modelling work was performed by Dr Nir Gov (Weizmann Institute of Science). 
In his model, he considered cells moving coherently as a solid body with highly 
correlated traction forces. Cells are assumed to be extending membrane protrusions 
beneath their neighbours which in turn lead to a higher likelihood of cell polarisation 
and lamellipodia extension of neighbouring cell at the opposite side. The traction forces 
exerted through lamellipodia (Ftract) by each cell is assumed to be linearly proportional 
to the contact area around the rim of the cell.  
      Ftract ∼ l√𝐴     (6.1) 
where l is the protrusion extension of the lamellipodia beneath the neighbouring cell 




The friction force on the cell is assumed to be proportional to the contact area and cell 
velocity. 
         Ffric ∼ λ0AV     (6.2) 
where λ0 is the friction per unit area of cell-substrate contact, and V is the cell velocity. 
Equating these two forces we get 
           V∝ 
𝑙
√𝐴
 or V∝ l√𝜌                                                          (6.3) 
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The relationship between the protrusion extension of the lamellipodia and cell density 
was further considered. Assuming that cell volume is constant, we will obtained an 
inverse relationship between the area density and the lamellipodia protrusion. We 




When we use this result in equation 6.3, we arrived at an inverse relation between cell 
velocity and cell density:  
                  V ∝  𝜌−0.5     (6.4) 
Indeed, this modelling predicts that the average velocity will decrease as the square root 
of cell density. A log-log plot of the average velocity with density (after reaching 
confluence) showed a linear relation with a slope of ~0.7 (Figure. 6.2A, inset) that was 
comparable to the predicted value. The faster decay observed experimentally could 
arise from other changes such as increase in friction over time or altered lamellipodial 
formation. 
In order to further quantify the collective cell behaviour, we computed the average order 
parameter from the PIV analysis for the three phases to quantify the organization of the 
cell sheet [91]. Briefly, an order parameter equal to one signifies that the velocity vector 
is perpendicular to the radius vector. It was observed that the average order parameter 
was (0.49 ± 0.17) in the sub-confluent phase, increased to (0.88 ± 0.08) in the collective 
rotation phase and decreased to (0.82 ± 0.08) while showing a relatively broad 
distribution during the over-confluent phase (Figure. 6.2B). This correlated well with 
the random migration of cells in the sub-confluent phase, highly ordered collective 
behaviour in the confluent phase and partially ordered migration at high densities.  
 
 




Figure 6.2. (A) Change in average velocity Vavg with increasing cell density. Red 
vertical line represents the average cell density at which confluence is reached and black 
dotted vertical line represents the density at which Vavg is ~half of its maximum. Inset: 
Decrease in average velocity with increasing density on a log-log plot. Slope of the 
linear fit is 0.7. Error bars denote mean velocity of cells at different cell density. (B) 
evolution of order parameter with increasing cell density. Low order parameter in sub-
confluent state reflects random migration of cells. Order sets in at a critical density of 
~2000 cells/mm2. In the over-confluent state, the order parameter shows a broader 
distribution. (Scale bar 50 µm). 
 
6.3.2 Effect of ECM constraints on the synchronized collective rotation 
behaviour of cells 
The hypothesis here is that the emergence of synchronized collective rotation behaviour 
is also regulated by the size of confinements within which the cells are allowed to 
migrate. Accordingly, the migratory behaviour of cells on circular fibronectin patterns 
with diameters of 100 µm, 200 µm, 500 µm and 1000 µm was analysed. Interestingly, 
the synchronized collective rotation of the whole cell sheet at a critical density of ~2000 
cells/mm2 was observed only in the 100 and 200 µm diameter patterns (Figure 6.3A, 
B). In the 500 µm and 1000 µm diameter patterns, transient vortices ~300 µm in 
diameter were observed that closely resembled the collective rotation observed in the 








Figure 6.3 PIV analysis of the collective behaviour of MDCK cells at confluence on 
circular fibronectin patterns with diameter of (A) 100 µm (B) 200 µm and (C) 500 µm.  
 
To further investigate this phenomenon, the average spatial correlation of velocity 
vectors were computed obtained using PIV for patterns of different diameters when cell 
density was ~2000 cells/mm2. For the 100 µm and 200 µm diameter patterns, spatial 
correlation reached zero at ~ 50 µm and 100 µm respectively and continued to become 
negative at larger length scales signifying the synchronized collective rotation 
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As part of collaboration, Dr. Alexandra J. Kabla simulated the velocity vectors of 
particles (or tracers) evenly distributed on a disk (100 µm and 200 µm) rotating about 
its centroid. Spatial correlation was then computed from the velocity vectors. The 
spatial correlation curves obtained is in fact very close to the correlation function 
measured of the epithelial cell sheet (dashed fit, Figure. 6.4A). This imply that cell 
monolayer confined within a circular pattern with diameter lesser than 200 µm exhibit 
a synchronous movement identical to a solid rotating disk.  
On the other hand, the correlation value reached zero at ~ 170 µm for both 500 and 
1000 µm diameter patterns suggesting that a saturation regime has been reached (Figure. 
6.4A, B). Furthermore, the spatial correlation did not show significant negative values 
corroborating the fact that there was no synchronized collective rotation of the whole 
cell sheet. Interestingly, this correlation length correlates well with that observed for 
unconfined MDCK monolayers and probably represents the natural correlation length 
arising from internal tissue dynamics [60]. Together, these results suggest that 
synchronized collective rotation of the whole cell sheet (akin to CAM) [181] occurs 
only over length scales that are smaller or approximately the same size as the natural 
correlation length of the unconfined epithelial monolayer.  
Figure 6.4 (A) Spatial correlation of velocity vectors as a function of distance. The 
dashed lines represent the velocity correlations obtained for simulated solidly rotating 
discs of equivalent sizes (B) Correlation length as a function of the radius of the circular 
fibronectin pattern. (Scale bar 50 µm). 
B A 
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These observations suggested that the rotation of the cellular clusters could be described 
as a purely solid-like cluster. To test this hypothesis, a circular cluster of cells in two 
dimensions, of radius R, were treated as a solid object with all the cells therefore moving 
coherently together. However, the individual traction forces produced by the cells may 
not be correlated and can be randomly oriented, or they may be correlated with the cell's 
neighbours. Cell-cell correlations are evident in collective cellular motion [128,182]. 
We characterized the active forces induced by the individual cells as having a typical 
force f0. If all the cells are correlated inside the cluster, then all the traction forces point 
in the azimuthal direction (the radial component is removed by the fact that the cells 
are confined to an isolated island). The overall torque applied by the cells is then given 
by: 
𝑇𝑎𝑐𝑡𝑖𝑣𝑒 = 𝑓0 ∫
2𝜋𝑟
𝐴𝑐𝑒𝑙𝑙






3                                  (6.5) 
where Acell is the area of a single cell. This active torque due to the cellular tractions has 
to be balanced by the total frictional torque, which is given by: 






4𝜔                          (6.6) 
where λ0 is the friction per unit area. From these two equations we compute the angular 







                (6.7) 
The angular rotation of a purely solid-like cluster decreases as 1/R, which makes the 
velocity at the edge of the cluster a constant independent of the cluster size: vedge = Rω 
= const. 
This model was compared against the experiments for 100 and 200 μm micropatterns. 
Indeed, comparable velocities at the rim of the circles for both diameters (26.35 ± 1.4 
and 33.49 ± 1.8 μm/hr respectively) were observed. Moreover it appeared that the 
 
 Chapter 6: Role of ECM confinement on collective motion 
108 
 
velocity along the radial direction varied linearly with the radial position, which is in 
agreement with our solid-like model (Figure. 6.5). Moreover it appeared that the 
velocity along the radial direction varied linearly with the radial position, which is in 
agreement with our solid-like model. Note that these velocities at the culture edge are 
very similar to the values observed for edge cells confined inside linear stripes 
described in chapter 3 [26].  
 
 
Figure 6.5 Average velocities at different distances (spaced 25 µm apart) from the 
centre for confluent, maximum speed and over confluent phases in a 200 µm diameter 
circle. 
 
6.3.3 Role of intercellular adhesion in regulating collective rotation 
behaviour 
Intercellular adhesion plays a key role in regulating the migration characteristics of 
epithelial cells. It was demonstrated in chapter 5 that collective motions are abolished 
in the absence of intercellular adhesions. It is unlikely that cells that have undergone 
EMT would be unable to exhibit synchronized collective rotation behaviour due to their 
inability to form mature intercellular contacts.  
To test this hypothesis, MDCK cells stably overexpressing the transcription factor 
Snail-1 were used. Overexpression of Snail-1 in MDCK cells has previously been 
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shown to down regulate E-cadherin expression. It imparts a mesenchymal phenotype 
to the cells (EMT), decrease cell proliferation rate and increase spreading on fibronectin 
[183-185]. When seeded on 200 µm diameter circular fibronectin patterns, Snail-1-
MDCK cells exhibited increased spreading and thus reached confluence at a much 
lower density (~600 cells/mm2) than wild type MDCK (~2,000 cells/mm2) (Figure. 
6.6A).  
Snail-1-MDCK cells showed a transient rotatory behaviour (~8 hrs) after reaching 
confluence compared to the persistent rotation observed in wild type MDCK cells (>25 
hrs). After a short period of rotation, cells changed direction and started to rotate in the 
opposite direction. PIV analysis of Snail-1-MDCK cells at densities >1800 cells/mm2 
was not possible as the cells had a tendency to migrate over one another. Within this 
range, the change in Vavg as a function of cell density showed a trend similar to that 
observed in wild type MDCK cells (~20 µm) (Figure 6.6B). However, in contrast to 
wild type MDCK cells, the order parameter for the Snail-1-MDCK cells showed an 
oscillatory behaviour with time reflecting the changes in direction of rotation of the cell 
sheet (Figure 6.6C, D). This was especially more evident in cells closer to the edge of 
the pattern while cells in the centre moved much more randomly (Figure 6.6C). 
Furthermore, manual tracking of the nuclei showed that Snail-1-MDCK cells, unlike 
wild type MDCK, had a tendency to move from the edge of the pattern into the centre 
and vice versa (Figure 6.6E, F).  
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Figure 6.6 (A) Snail-1-MDCK cells on 200 µm diameter circular fibronectin pattern 
reach confluence at much lower density. (B) Vavg as a function of cell density. Error 
bars denote standard errors of average velocity of Snail-1 MDCK cells at different cell 
density. Temporal evolution of order parameter in (C) Snail-1-MDCK and (D) wild 
type MDCK cells. Tracking nuclei of (E) Snail-1-MDCK and (F) wild type MDCK 
cells showing that Snail-1-MDCK cells have a tendency to migrate from the edge of 
the pattern into the centre. (Scale bar 50 µm). 
 
To compare and correlate our experiments on wild type-MDCK and Snail-1-MDCK 
cells with different patho-physiological conditions, the migratory behaviour of MCF-
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from a malignant tumour) on 200 µm diameter fibronectin patterns were also studied. 
Interestingly, MCF-10A cells separated frequently from their neighbours, suggesting 
weak intercellular adhesion. They also spread more, and showed a phenotype very 
similar to that of Snail-1-MDCK cells but migrated slower than Snail-1-MDCK- cells. 
While the outer cells in contact with the edge of the micro pattern exhibited some degree 
of collective rotation at confluence, cells in the centre migrated randomly (Figure 6.7A). 
Such a behaviour can be explained by assuming that the outer cells are being guided by 
the edge of the micro pattern, a phenomenon described as ‘contact guidance’ [186]. 
However, it is likely that synchronized collective rotation of all cells within the pattern 
requires mature intercellular adhesion that MCF-10A cells lack. In contrast, both MCF-
7 and MDA-MB-231 cells showed a random and chaotic movement with no tendency 
to undergo collective behaviour such as large scale rotating movements at any given 
cell density (Figure 6.7B, C).. These results suggest that the loss of collective behaviour 
could be a gradually occurring event during the evolution of cells from normal to a 
malignant phenotype.  
 
Figure 6.7 PIV analysis of the collective behaviour of (A) MCF-10A, (B) MCF-7, and 
(C) MDA-MB-231 on circular fibronectin patterns with a diameter of 200 mm. While 
MCF-10A shows some order at the pattern edge, MCF-7 and MDA-MB-231 migrate 
randomly. (Scale bar 50 µm)  
 
 
MCF10A MDA-MB-231 MCF7 
 




In this chapter, a systematic and comprehensive analysis of the influence of cell density, 
geometrical constraints and EMT was performed on the collective behaviour in 
epithelial cells by combining micro-contact printing techniques and PIV. Miniature 
epithelial monolayers on micro patterns, as opposed to large monolayers, provide a 
reproducible platform to characterize the role of cell density, geometric constraints and 
boundary effects on collective cell behaviour.  
The results suggest that reaching a critical density (~2,000 cells/mm2) triggers 
collective behaviour in MDCK cells. The influence of the density on the appearance of 
collective behaviour has been clearly established in many other biological systems such 
as actin filaments [167], keratinocytes [166] as well as MDCK cells subjected to 
traditional scratch wound assays [176]. While it is not entirely clear how local 
coordination is established in confluent cell populations, experimental evidences of a 
quantitative relationship between rotational coordination in confined environments and 
spatial correlations in the dynamics of unconfined populations were presented. It is 
evident that if the disc radius is smaller or of the order of the unconfined correlation 
length then a global rotational order is achieved. However, the dynamics for larger disks 
is similar to the unconfined case which exhibit local streams and curls but no global 
coordination. These results are in strong agreement with similar experiments performed 
on fibronectin strips as described in previous chapters [91]; strong translational order 
was achieved within channels whose width was smaller than the correlation length but 
not within wider channels. This similarity is most likely due to the fact that translations 
and rotations are the two modes of displacements that preserve the relative distances 
between cells. Therefore, both of them enable the population to migrate on the substrate 
without the requirement of cell-cell junction remodelling.  
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We postulate that cells on the edge (that experience asymmetric cell adhesion as well 
as higher confinement) migrate faster and are also guided along the edge of the pattern 
[187]. This is in agreement with the behaviour observed for cells confined in linear 
stripes [26]. Once confluence is reached, the outer cells continue to follow this guidance, 
while their directional migration is transmitted to the inner cells through cell-cell 
contacts. The natural correlation length of unconfined monolayers essentially 
characterizes how far the directional cue from the edge can penetrate into the population. 
This explains why discs smaller than the correlation length fully coordinate, whereas 
larger discs cannot. We believe that the strong persistence of the rotational movement 
is not observed below confluence because of the high frequency of cell divisions and 
the progressive invasion of available free space. Such dynamics slow down at 
confluence and a persistent rotational order can be maintained, depending on the 
population size. The collective rotation behaviour observed on circular patterns is also 
consistent with the ‘coherent angular motion’ (CAM) observed in epithelial cells 
cultured in 3D collagen gels, in which the intercellular contacts induce similar 
polarization of cells [181] within populations of about ~10-15 cell diameters (Figure 
6.8).  
Epithelial-mesenchymal transition (EMT) induced in MDCK cells by overexpressing 
the transcription factor Snail-1 decreased the ability of cells to undergo persistent 
collective rotation. The overexpression of Snail-1 down regulates the expression of E-
cadherin. Since intercellular adhesion has been shown to regulate cell polarity and force 
transmission between cells [106,188,189], it is likely that weak or immature 
intercellular adhesions would lead to an inefficient transmission of ‘contact guidance’ 
cues from the edge of the ECM pattern to the inner cells diminishing their ability to 
participate in the collective rotation of the epithelial sheet.  Supporting evidence for this 
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observation also comes from the fact that CAM is reduced in the presence of function 
blocking antibodies directed against E-cadherin [181] (Figure 6.8).  
 
 
Figure 6.8. Cartoon depicting coherent angular motion of epithelial cells on circular 
ECM patterns with diameter ≤200 µm. For large patterns with diameter above 500 µm, 
multiple loci of transient swirls are observed. Intercellular adhesion is required to 
maintain coherent cell movements and coherent angular motion. 
 
In addition to the formation of acini through CAM, collective rotational persistence of 
cells has also been observed in other important physiological processes such as 
embryogenesis. For example, the importance of persistence of rotation has been noted 
in the migration of the dorsal yolk syncytial layer of teleostean yolk cells [190]. The 
swirling of cells during late gastrulation is centered on the axial domain of the yolk and 
needs to persist until the first somite stage for proper development. On a shorter spatial 
and temporal scale, the 90o rotation of ommatidia pre-clusters in the development of a 
Drosophila eye is vital to the correct configuration of the hexagonal lattice of the eye 
[191]. 
It is accepted that, in general, while cancer cells have a tremendous ability to proliferate 
they are unable to organize themselves into higher order tissue structures (e.g. acini in 
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breast tissue). The experimental results shown here suggested that the inability of 
cancerous cells to undergo synchronized collective rotation could be partially 
responsible for preventing them from forming higher order tissue structures. While 
MCF-10A (benign) showed signs of collective migration along the border of the 
fibronectin circle (contact-guidance) MCF-7 and MDA-MB-231 (malignant) showed a 
completely random migratory behaviour that was unaffected by cell density and ECM 
confinement. These results raise the possibility that collective behaviour could be 
gradually lost as cells evolve to become more malignant. 
Altogether, an interplay between cell density, geometrical constraints and intercellular 
adhesion is shown to regulate the synchronized collective rotation behaviour observed 
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Chapter 7 Conclusion and future work 
 
7.1 Conclusion 
The focus of this thesis has been to understand the effect of ECM geometrical 
constraints on the dynamics of multicellular bodies during their migration onto free 
ECM surface and on confined space. The experiments are designed around two main 
hypothesis which include (a) the physical constraints arising from the geometry and 
boundaries of the ECM can alter the migratory behaviour of epithelial tissues and (b) 
the large scale organization of migrating tissues require mechanical signalling and 
communications through cell-cell contacts. Various biophysical techniques such as 
microcontact printing, micro-pillar assay, particle image velocimetry are used in 
conjunction with numerical simulations in this thesis to test our hypotheses. The results 
and conclusions of this thesis are summarized briefly as follows: 
1) Using protein patterning and micro-contact printing, we develop an original in 
vitro migration based assay which systematically controls the geometrical 
dimensionality of ECM confinement. This allows us to compare the migration 
of epithelial cells on various linear ECM tracks of different widths.   
2) Geometrical properties of the ECM environment regulate the formation of 
collective cell migration patterns. Collectively migrating epithelial tissue on 
wide fibronectin tracks exhibits slower global velocities and the formation of 
swirls or vortices (~100 µm), but switches to a more directed but contraction-
relaxation-based type of migration when subjected to high degree of constraints. 
3) Emergence of different epithelial migration patterns necessitates transmission 
of forces through intercellular contacts. Disruption of cell–cell junctions 
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abolishes directed collective migration and passive cell–cell adhesions tend to 
move the cells uniformly together independent of the dimensionality. These 
results (summarised in points 2 and 3) concord with the concept of cell jamming 
[192]. Decrease in width of fibronectin line patterns limits the rearrangement of 
cells in the lateral direction and pushes the system into a jamming transition as 
seen with the order parameter and correlation length data.  
4) The presence of ECM boundaries equally alters migration of fibroblastic cells. 
Despite having no intact cell-cell junctions, interaction of migrating fibroblasts 
with ECM boundaries promote cell alignment, migration and denser packing.  
5) Confined cells on well-defined circular ECM patterns can trigger a persistent, 
coordinated and synchronized rotation of cells that depends on cell density and 
the size of ECM patterns. Such rotating large-scale movements slow down as 
the density increases and uniform rotary motion in a single direction persist 
within ECM patterns of diameter up to 200 μm. Destabilization of intercellular 
contacts abolishes such phenomenon and is not observed in various cancerous 
cell types.  
Since tissue migration comes in many shapes and sizes [54], we believe that the 
results presented so far have shed new lights on how collective cell migration 
among epithelial tissue should be reinterpreted depending on its guidance by 
extrinsic mechanical cues.  
 
7.2 Future work 
In the course of the execution of experiments in this thesis, we observed two main 
limitations in this study. These observations can serve as interesting topics for future 
investigations: 
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1) The experiments conducted has mainly been performed on cells grown on 
polystyrene plastic, which is several order of magnitude stiffer than native 
biological environment. It is now clear that there is a close relation between 
substrate compliances and cell migration patterns. In particular, compliance of 
the substrate alters the magnitude of forces generated by cells and the 
transmission of forces across an epithelium. Moving forward, the in vitro assays 
developed in this thesis can be extended to understand how ECM confinement 
alter coordination of cells and transmission of forces in an epithelium on a 
substrate of physiological compliance.  
2) In the present study, collective migration of epithelial cells is investigated on a 
flat 2D substrate, which led to the question of whether the same migration 
patterns and conclusions could be drawn for migrating tissue in 3D environment. 
The future experiments can be designed to present 3D confinement to cells. This 
can be done by encapsulating cells in a collagen gel and the effect of 
confinement on migration can be achieved by the use of microchannels. 
Alternatively, epithelial sheet migration can also be studied an undulating or 
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Preparation of Cy-3 conjugated fibronectin 
The use of conjugated fibronectin is necessary for the visualization and validation of 
proper transfer of fibronectin patterns from the elastomeric PDMS stamp to the 
substrate. Fibronectin from bovine plasma (1mg/ml) supplied by Sigma Aldrich 
contains Tris buffer, which has amine group that interfere with Cy3 fluorphore 
conjugation. Dialysis of the fibronectin stock solution against sodium carbonate/sodium 
bicarbonate buffer is thus required. Details on the fibronectin conjugation are described 
below (Table 2.).   
 
Table A1. Details on conjugation of fibronectin with Cy3-fluorophore 
Steps  Description  Materials required  
Preparation of 0.1M 
Na2CO3 solution  
(~1L of sodium 
carbonate solution is 
required)  
Adjust the pH of the sodium carbonate 
solution by adjusting the volume of 
the two solutions and DI H2O. 
Alternatively, add NaHCO3 (powder 
form) slowly to Na2CO3 solution till 
the pH of the solution reaches ~7.4 
before adding DI H2O. (NB: pH of 
solution does not change much when 
DI H2O is added. And that optimal 
conjugation occurs  at a pH of 7.3) 
~160ml of 0.2M 
Na2CO3  
~340ml of 0.2M 
NaHCO3 





Introduce 1ml of 1mg/ml fibronectin 
in a dialysis membrane (for protein 
with molecular weight greater than 
10kDa; Spectrum Laboratories, ref 








(removal of PBS 
buffer from 
fibronectin stock 
solution and suspend 
fibronectin in sodium 
carbonate solution)  
135518) and enclosed it, if required, 
by wetting the two ends.  
Dip the membrane in 500ml of sodium 
carbonate solution. Leave it overnight 
at 4ºC. Replace the sodium carbonate 
solution (500ml), and leave it at 4ºC 
for another 3hours the following day.  
Small Weights 
Sodium carbonate 
solution(from step1)  
Conjugation of 
fibronectin  
Remove the Fibronectin from the 
membrane and transfer it into a 
marking tube containing the 
fluorophore. Leave the solution at 
room temperature for 30minutes, 
shaking it lightly every 10 minutes. 
Next, transfer the content into another 
dialysis membrane. NB: Avoid 
vigorous agitation of the mixture to 
prevent protein aggregation. 
Cy3 fluorophore  
Dialysis of 
unconjugated dye 
and re-suspension of 
fibronectin in 1xPBS  
Dip the membrane into 500ml of PBS 
and leave it overnight at 4ºC. Finally, 
replace the PBS with another 500ml of 
PBS at 4ºC for another 3hours.  

























Characterization of PDMS elastic modulus 
Elastic modulus of PDMS was characterised using the Instron tensile machine (Figure 
2.3A). Flat PDMS substrates with different precursor to curer ratios were prepared and 
cured at different temperatures and tested using a slightly modified protocol from 
ASTM D412. Each PDMS specimen was cut to conform to a dumbell shape (Figure 
A1). They were then then mounted onto the Instron tensile tester and stretched at 
5mm/min. Elastic modulus of the PDMS was then computed from the stress-strain 
curve. Below is a summary showing the different elastic modulus obtained by varying 




Figure A1. Characterization of PDMS elastic modulus.  (A) A schematic showing the 




















Table A2. A summary of the average PDMS elastic modulus achieved by varying the 










Elastic modulus (MPa) 
Mean Standard 
error 
1:10 120 80 1.73783 0.18686 
1:10 60 80 0.66715 0.12302 
1:10 15 120 0.94559 0.02178 
1:13 120 80 0.82813 0.0665 
15:1 120 80 0.46653 0.08478 
1:15 15 120 0.2913 0.01532 


































Appendix A3 Mean square displacement and its significances 
 
 
The concept of mean square displacement or “MSD” is originally used in statistical 
mechanics to describe the motion of molecules and particles or their spatial extent of 
random motion. Molecules in gas or liquid are constantly in completely random motion 
and their motion is termed as Brownian motion. Brownian motion can be described by 
the following equation: 
     <r2> = 6 D t + C    (A1) 
where <r2> and t denotes the mean square distance and time respectively. D and C are 
constant values, with D being the diffusion coefficient. 
MSD can also be applied onto cell migration. As cell migration has a tendency to 
progress in the same direction (persistency), cell migration has commonly been 
described as a persistent random walk. To determine the mean square displacement of 
a migrating cells, the positions of the cell (X) are tracked at regular time interval. The 




Figure A2. Computation of mean square displacement. At each ΔT, displacement 
between two subsequent position of the cell track are squared and summed up. The 
mean squared displacement is taken to be the mean of the squared displacement 





Cell migration is described by two important parameter: the cell speed and its persistence time 
or time scale whereby the movement is non-random. To determine these two parameters, 
experimental data can be fitted into this equation: 
     < 𝑟2 >= 2𝑆2Ƭ𝑝(𝑡 − Ƭ𝑝(1 − 𝑒
−
𝑡
Ƭ𝑝)                                   (A2)  
where Ƭ𝑝 and S denotes the persistence time and root-mean-square speed respectively.  
 
 
